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Abstract  
Traits such as transpiration efficiency (TE) that are influenced by plant water use can be used to 
characterise the adaptability of crops to specific growth environments. TE is defined as the amount 
of biomass produced per unit of water used, and can ensure continued crop production in drought-
prone regions. Where TE is associated with reduced use of soil water during the vegetative growth 
phase, water availability during grain filling may be greater, which can delay the onset of drought 
stress and increase grain yield under water-limited conditions. This may become even more 
pertinent with predicted increases in severity and frequency of droughts with climate change. The 
aims of this study were to firstly dissect TE into its leaf-level physiological components to better 
understand the effects of genetic variation in these components on TE in sorghum. Secondly, to 
examine whether TE responses observed under well-watered conditions were preserved under 
drought, and whether transpiration response was an adaptive response to drought. Twenty-seven 
genotypes were screened for TE under well-watered conditions using a fully automated lysimetry 
platform to obtain accurate plant water use data. To determine whether variation in TE among these 
genotypes was associated with differences in maximum photosynthesis (Amax) or leaf conductance 
(g) we measured the net carbon assimilation rate of the second last fully expanded leaf at high light 
intensity, using an infrared gas analyser, and leaf water flux was measured using a porometer, as a 
proxy for conductance. Genotypic variation in TE among the sorghum germplasm used was mainly 
associated with differences in the response of transpiration rates to vapour pressure deficit (VPD). 
Genotypes with low transpiration rates per unit green leaf area (T/GLA) tended to have high TE. 
Variation in Amax explained some of the differences in TE that could not be explained by T/GLA 
and may have been a result of mechanisms associated with differences in biochemical pathways that 
affect the efficiency of conversion of CO2 into photosynthate. While drought tended to increase TE, 
genotypic variation in TE was largely conserved. However, the response of transpiration rates to 
drought stress differed across genotypes, with some genotypes showing reduced T/GLA under 
drought when VPD was high, whereas others did not. These contrasting responses were associated 
with differences in stomatal responses to drought stress, such that some genotypes were better able 
to conserve water under drought stress than others. This adaptive response was not related to TE per 
se and may have important implications for adaptation to drought stress. Hence, the phenotyping of 
sorghum lines using the associated physiological traits underpinning TE differences is beneficial in 
identifying traits that may support growth in certain environments and can optimise grain yield 
production under water-limited conditions.  
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CHAPTER 1 
1 Introduction 
Sorghum is a summer grain crop, mainly grown in dry-land environments, with often low 
and variable rainfall (Philp et al., 2010). Consequently, water availability may be limited at any 
stage during crop growth, however, where sorghum crop growth mostly relies on moisture stored in 
the subsoil profile, water limitation is more prevalent during the later crop stages.  This coincides 
with the reproductive or grain filling phase, which is particularly drought sensitive and therefore, 
represents a major limitation to grain yield in sorghum (Hammer and Muchow, 1991; van Oosterom 
et al., 2011).  
There have been numerous approaches aimed at improving grain yield in cereals in water-
limited environments. One of the key strategies to increase grain yield, at least on soils with good 
water-holding capacity, has been to change the temporal pattern of water use through reduced water 
use early in the season and consequently increasing water availability during grain filling (Kholová 
et al., 2010a; Kholová et al., 2010b; Messina et al., 2015; Vadez et al., 2014; Vadez et al., 2013b). 
One way to reduce water use early in the season is via increased transpiration efficiency (TE), 
which is the ratio of biomass produced and amount of water used by a crop (Hammer, 2006; 
Sinclair et al., 2005; van Oosterom et al., 2011).  Since grain yield under water-limited conditions is 
linked to post-anthesis transpiration or crop water used during the grain fill period (van Oosterom et 
al., 2011), reducing pre-anthesis water use by restricting the maximum transpiration rate can 
increase TE and post-anthesis water availability, which is beneficial for grain yield. Two crop 
simulation studies estimated that sorghum yield in years with yields less than 450 g m-2 could 
increase by 9-13% if maximum crop transpiration rates were limited to 0.4 mm h-1 (Sinclair et al., 
2005).  
Despite the evidence that TE is beneficial for grain yield under water-limited conditions, the 
link between improvements in TE and leaf-level physiological processes is unclear. Several studies 
reported significant genotypic variation in TE in sorghum (Balota et al., 2008; Hammer et al., 1997; 
Mortlock and Hammer, 1999; Vadez et al., 2011), but while some associated the differences in TE 
with biomass accumulation (Hammer et al., 1997; Xin et al., 2009), others linked differences to 
variation in transpiration rates (Mortlock and Hammer, 1999). The interdependent relationship 
between CO2 assimilation and transpiration and the large genotype by environment interactions 
complicate our understanding of genotypic differences in TE. For example, there is evidence that 
there are genotypic differences in transpiration responses to increasing vapour pressure deficit 
(VPD) (Belko et al., 2013; Kholová et al., 2010b; Messina et al., 2015) and increasing soil dryness 
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(Gholipoor et al., 2012; Kholova and Vadez, 2012), however, distinguishing whether these 
responses are constitutive or adaptive, and occur under certain conditions only, remains to be 
elucidated. An increased understanding of the relationship between crop TE and the leaf-level 
physiological mechanisms underpinning it, as well as, a better understanding of the interactions 
with environmental factors, would be beneficial to further improvements in drought adaptation of 
sorghum. In particular, it may open avenues for screening populations sufficiently large to aid in 
breeding for drought-tolerant lines using high-throughput phenotyping systems.  
Thus, the broad aim of this thesis was to explore the genotypic variation in TE and the leaf-
level physiological processes underpinning it, with the hope that this knowledge will enable crop 
improvement programs to enhance drought adaptation of sorghum, particularly to increase yield 
stability in semi-arid regions. This was achieved by (1) examining the role of photosynthetic rate 
and stomatal conductance in determining variation in TE in a small set of genotypes under well-
watered conditions, (2) investigating whether there are genotypic differences in the response of 
transpiration to environmental factors, such as increasing VPD and soil dryness.  
 
Structure of the Thesis 
In Chapter 2, the literature on water-limitation and its effects on crop development, crop 
growth determinants, transpiration efficiency (TE) at the plant level and its underpinning 
determinants at the leaf level, and drought effects on TE are comprehensively reviewed with a 
special focus on sorghum, and in relevance to cereal crops. A brief review on the various methods 
for implementing drought stress in pots is also included. In Chapter 3, a detailed study on TE and 
trait dissection into the underlying physiological components in sorghum is reported. The objectives 
of this study were to characterise TE of 27 genotypes of Sorghum bicolor (L.) Moench, and to 
identify and link physiological components with variation in TE. We further investigated whether 
genotypic variation in TE under well-watered conditions was conserved under different levels of 
drought and whether there was genotypic variation in transpiration response under drought in 
Chapter 4. The intent was to discern the link in TE between well-watered and drought stressed 
genotypes. Fraction of transpirable soil water (FTSW) was used to implement drought stress in 
plants and the overall water use was monitored, with further analysis of genotypic differences in 
transpiration response to VPD under drought. In Chapter 5, the overall findings are summarised and 
further implications for crop improvements are discussed.   
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Chapter 2 
2 Review of the Literature 
2.1 Water stress affects sorghum crop production 
Sorghum (Sorghum bicolor (L.) Moench), is a C4 grass species, related to maize and sugar 
cane (Paterson et al., 2009). It is the fifth most important cereal crop globally  (Xin et al., 2009), 
being mainly used for food, feed grain for animals, and as a source of ethanol for biofuel 
production. Sorghum originated in Africa, and is now being cultivated in the tropical and dry-land 
regions of Australia, Africa, and India and other parts of the world. Because of its adaptation to dry-
land areas (Burke et al., 2015), it is a useful crop for studying drought adaptation. In addition, 
sorghum has a small and fully sequenced genome, which makes it an attractive functional genomics 
model for other C4 crops (Paterson et al., 2009).  Despite its adaptation to arid and semi-arid 
environments, sorghum biomass and grain yields are often severely affected by water shortages, 
particularly during critical stages that determine grain yield formation. 
Water plays an important role in the life cycle of plants. Firstly, it is a major constituent of 
plant cell vacuoles, which makes up majority of the plant cell, helping maintain turgor for cell 
enlargement (Raven et al., 1992), and other cell-specific physiological functions such as stomatal 
function and photosynthesis (Madeleine and Turner, 1978). Loss of water from plants is essential 
for photosynthesis, whereby, to photosynthesise, plants take up water from the soil via their roots 
and CO2 from the air via their stomata. The difference in vapour pressure between the dry air and 
the wet mesophyll layer creates a gradient that allows plants to pull water up from the soil into the 
leaves and release it back to the atmosphere through the stomata. This creates a trade-off between 
loss of water and uptake of carbon dioxide. The rate of transpiration is proportional to the vapour 
pressure deficit (VPD) of the atmosphere (Bierhuizen and Slatyer, 1965), thus, water is used to 
dissipate excessive heat accumulated from sunlight, in the form of transpiration (Taiz and Zeiger, 
1998). Additionally, water is a universal solvent that creates a suitable medium for substances to 
move between cells, particularly down the gradient from soil into the root cells, and then along the 
gradient in hydrostatic pressure between the xylem in roots and leaves (Lambers et al., 2008). Thus, 
of all the resources required for plant growth, water is the most important, but also the most limiting 
for agricultural productivity.  
6 
 
Due to the importance of all these processes, water limitation can be a severe environmental 
constraint to crop development, growth, and production (Farooq et al., 2009). Severe water stress 
leads to reduced stomatal conductance (Blum, 2009) to restrict transpiration losses by the plant. 
Permanent wilting can occur if drought stress is not relieved. Reduced stomatal conductance further 
reduces CO2 uptake, which disrupts photosynthesis and the accumulation of assimilates. This can 
adversely affect emergence of new leaves, and result in increased leaf senescence that can 
eventually lead to tissue or even plant death (Hammer et al., 2010). The dire effects of water stress 
have been reported in many crops, including sorghum. Craufurd and Peacock (1993) reported an 
87% reduction in sorghum yield in response to severe water stress that occurred during the booting 
or flowering period. Additionally, vegetative sorghum plants subjected to drought stress had altered 
metabolite content in leaves and roots, in particular elevated levels of sugar group metabolites under 
increased levels of stress, highlighting their role in regulation of osmosis and metabolism rates 
(Pavli et al., 2013). Moreover, high temperatures, which accompany water deficit can impair the 
reproductive development in sorghum, as was reported by Prasad et al. (2008), where sorghum 
yield declined due to high temperatures during the post-flowering stage. Similarly, in rice, a 
reduction in the number of pollen grains and spikelet fertility has been reported under drought, and 
thus found to negatively affect grain yields (Rang et al., 2011). Therefore, an excellent 
understanding of the uptake and loss of water by plants is crucial for maintaining agricultural 
production under future climate scenarios. 
With the predicted increase in climate variability, water scarcity will be further intensified in 
future. There are risks of dry-land regions becoming more drought prone, because increased 
temperatures and vapour pressure deficits (VPD) will further increase water demand of plants 
(IPCC, 2014) . These extreme environmental factors may also negate any beneficial effects of 
increased CO2 concentrations (Lobell and Field, 2007) on crop yields. Increased incidence of heat 
stress due to increased temperatures, combined with reduced fresh-water resources will impact the 
ability of crops to meet their demand for water, and will thus affect crop productivity (Blum, 2009). 
There is a need to produce “more crop per drop” of water (Marris, 2008), and utilise important traits 
that can improve drought adaptation in dryland crops such as sorghum. One such trait that can be 
useful for improving crop yield in dry-land regions is transpiration efficiency (TE).  
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2.2 Transpiration efficiency (TE) 
Transpiration efficiency (TE) at the plant level is defined as the efficiency with which 
captured water is turned into biomass, and is estimated as the amount of biomass produced (grams) 
per amount of water transpired (kilograms) (Condon et al., 2004; Hammer et al., 1997). Since TE is 
a ratio of two important components of crop growth, there are avenues available to increase crop 
yield. At the crop level, greater TE can result from reducing the amount of total transpiration, 
without affecting biomass growth. This may be achieved by limiting transpiration during times of 
high evaporative demand, which can leave residual soil water for use at crop stages that are most 
critical to yield formation. For example, pre-anthesis conservation of soil water through restricted 
transpiration rates during vegetative growth can help increase post-anthesis water availability to 
support additional growth that will contribute to grain mass (Hammer, 2006). This also reduces the 
probability of onset of drought stress around anthesis, which may lead to increased grain yield 
(Hammer, 2006; van Oosterom et al., 2011). The components that determine higher TE are under 
genetic control and result in genotypic variation in TE amongst crop species and among genotypes 
within species. Hence, to select for increased crop TE, genotypic variation in TE at the plant level 
should be present (Borrell et al., 2006).  
Genotypic variation in TE has been reported for a number of crop species such as wheat 
(Condon et al., 1990), rice (Impa et al., 2005), peanut (Sheshshayee et al., 2006; Wright et al., 
1994) and sorghum (Hammer et al., 1997; Xin et al., 2009). However, to better understand the 
cause of these plant-level TE differences, it is useful to investigate the underlying physiological 
processes at the leaf level, and their associations with the environment (Jackson et al., 2016). At the 
leaf level, intrinsic TE is determined by the ratio of assimilation (A) to leaf-level conductance of 
water (Condon et al., 2002; Duursma et al., 2013). Since photosynthesis and leaf-level conductance 
of water are inter-dependent processes and under the control of stomates, lower leaf stomatal 
density or decreased stomatal conductance may reduce carbon dioxide availability for gas exchange 
in the mesophyll, but also reduces the amount of water being lost from the leaf cavities. However, if 
this is accompanied by an increased efficiency in conversion of CO2 through differences in the 
biochemical pathways, leaf-level TE tends to be greater.  Thus, an increase in leaf-level or intrinsic 
TE may lead to an overall increase in crop TE as has been shown in wheat (Condon et al., 2004). 
Some of the studies on TE have linked TE to surrogate traits for A and leaf-level conductance of 
water, with different results. While in one study, TE was strongly correlated with biomass per leaf 
area (Hammer et al., 1997; Xin et al., 2009), a different study found TE to be correlated with 
differences in transpiration per unit leaf area (Mortlock and Hammer, 1999). This difference may 
have been due to different genotypes being used (except QL12) in the two studies. Thus, genotypic 
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differences in biomass per unit leaf area indicates that differences in photosynthetic capacity or A 
was the driver for differences in TE, while differences in transpiration per unit leaf area indicate 
underlying differences in stomatal conductance. Hence selecting genotypes with increased intrinsic 
TE through differences in specific traits will help to improve biomass accumulation and crop yields, 
since a clear understanding of traits underpinning TE differences is crucial to understand 
mechanisms that are conferring the variations in TE.  
2.3 Determinants of crop production under drought stress 
Crop growth and performance are a result of the nexus between water and radiation 
availability to the plants (Fig. 2.1).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Diagram showing physiological determinants of crop growth under radiation-limited and 
water-limited scenarios. VPD-vapour pressure deficit; SLN-specific leaf Nitrogen; k- canopy light 
extinction coefficient; kl-extraction decay constant; LAI-leaf area index; RUE-radiation use efficiency; 
RADN-radiation. 
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When resources such as nitrogen and water are non-limiting, biomass accumulation and 
yield are dependent on the amount of light available to plants. Under these conditions, biomass is 
the product of the amount of intercepted light (LI) and radiation use efficiency (RUE) (Sinclair and 
Muchow, 1999a) of the crop (Fig. 2.1). RUE is defined as crop biomass produced per unit of total 
radiation or photosynthetic active radiation (PAR) intercepted by the canopy (Stöckle and 
Kemanian, 2009). The fraction of incoming radiation that is intercepted by the crop is a function of 
the canopy light extinction coefficient (k) (Charles-Edwards, 1982) and leaf area.  Biomass may be 
increased via greater RUE or increased intercepted radiation or a combination of both as shown in a 
study comparing biomass accumulation of tall versus short near-isogenic lines in water-unlimited 
conditions (George-Jaeggli et al., 2013). RUE is known to vary amongst different species and 
within species and is higher in C4 crop species such as sorghum (1.2-1.4 g/MJ) (Lindquist et al., 
2005) and maize (1.6-1.7 g/MJ) (Sinclair and Muchow, 1999b) compared with C3 species, such as 
wheat that has a RUE of  around 1.2 g/MJ (Wu et al., 2016). RUE also varies amongst sorghum 
species, Narayanan et al (2013) reported variation among eight sorghum genotypes for RUE, with 
genotypes IS 27111 and IS 27150 having the highest RUE and biomass production under field 
conditions.  
Under water-limited conditions, in contrast, grain yield is a function of water transpired (T), 
transpiration efficiency (TE), which is the efficiency with which the captured water is turned into 
biomass, and harvest Index (HI), where HI is the amount of biomass that is partitioned to grains 
(Passioura, 1977; Richards, 2006). 
 
Equation 1 
 
From the Equation above, it follows that under water-limited conditions, higher grain yield may be 
attained by increasing HI, T, or TE. In rain-fed crops, the options for increasing T are limited to 
reducing evaporation from the soil, or increasing water uptake from deeper layers in the soil profile 
(Manschadi et al., 2006). The HI can be increased without increasing T by increasing the fraction of 
water available post-anthesis (Fig. 2.2) (Hammer, 2006; Turner, 2004). In addition, TE can play an 
important role in increasing biomass and grain yield under water limitation (Hammer et al., 1997; 
Krishnamurthy et al., 2007; Xin et al., 2009).  As mentioned previously, TE at the plant (or crop) 
level is the emerging consequence of inter-dependent processes taking place at the leaf level. 
Increased plant-level TE may result from different processes at the leaf level, such as increased 
photosynthesis or restricted conductance (Fig. 2.2). Hence, exploring variation in photosynthetic 
capacity and/or leaf-level conductance of water makes TE manipulation easier and informs 
phenology and modelling of grain yield and crop performance.  
Grain Yield = T (kg) * TE (g/kg) * HI 
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Figure 2.2. Flow chart showing the increase in TE in crops determined by underpinning physiological 
processes occurring at the leaf.  
 
 
2.4 Trait dissection of TE 
2.4.1 Increasing TE by manipulation of transpiration rates 
Transpiration efficiency is important to increasing crop yields, especially in water-limited-
environments. Transpiration has an inverse relationship to TE, thus, an increase in TE can be 
achieved by reducing the amount of transpiration. This can be achieved in several ways. The total 
amount of water used by an individual plant depends on its total leaf area and the amount of water 
used by crops therefore depends on the size of the crop canopy  (Connor et al., 2011). Hence, the 
flux of water through leaves can be reduced by limiting canopy size, as was reported for sorghum 
(Borrell et al., 2014b).  Similarly, maize crops tend to use more water than sorghum crops, despite a 
similar TE, because maize has a greater leaf area index (LAI)(Enyi, 1973), thus, transpiration area 
is higher. Hence, canopy size restriction can play an important role in controlling the amount of 
water being transpired by crop. Adjusting the total amount of water used by a plant for the size of 
 
 
 
 
 
 
 
 
 
 
 
 
 
Leaf level processes 
Increased photosynthesis Restricted conductance 
Greater biomass/same 
transpiration 
Reduced transpiration/same 
biomass 
Increased crop growth rate 
around anthesis 
Increased post-anthesis 
water availability 
Reduced pre-anthesis water 
use 
Increased grain number 
Increased grain yield under 
drought 
Increased 
TE 
11 
 
its leaf area is thus crucial when linking genotypic differences in TE to differences in transpiration 
rates.   
Canopy size can be restricted by early flowering and reduced tillering (Borrell et al., 2014a). 
Tillering is under both genetic and environmental control, and increased tillering is a result of 
excess assimilate availability and decreased vigour of the main shoot (van Oosterom et al., 2011). 
Hence, thicker stems, increased leaf width and increased leaf appearance rate on the main stem have 
been found to be associated with low tillering, because the faster development of the main stem 
reduces the amount of assimilates available for tiller outgrowth. Ultimately, this leads to a smaller 
canopy that reduces pre-anthesis transpiration and conserves soil water that can be used during 
grain filling (George-Jaeggli et al., 2017; van Oosterom et al., 2011). This has been found to be 
beneficial for improved yield under post-anthesis water limitation, as reported by Borrell et al. 
(2014a) using stay green near-isogenic lines in sorghum. Therefore, controlling tillering can reduce 
transpiration loss by reduced canopy size.  
Plant transpiration can be further reduced through increased leaf senescence. Often leaf 
senescence occurs under severe drought conditions. Initially, expansion of new leaf stops and as a 
further preservation mechanism, leaves senesce to equilibrate demand of water to its supply 
(Hammer et al., 2010). This mechanism results in limiting the amount of water being lost, but it 
may also lead to stunted growth or even plant death. Hence, the approach of leaf senescence is a 
final measure taken by plants to cope with severe water stress and can result in severe yield declines 
under drought. However, it has also been found that stay-green lines show increased senescence of 
older leaves lower in the canopy even under water non-limited conditions which reduces plant 
transpiration and leads to pre-anthesis water savings (George-Jaeggli et al., 2017).  
Plant transpiration responds to environmental factors such as vapour pressure deficit (VPD), 
which depends on the temperature and relative humidity of the air (Craufurd et al., 2013). The 
gradient between saturated water vapour inside leaves and the non-saturated water vapour in the 
atmosphere places a strong demand on plants to transpire, particularly when the VPD is high 
(Sadras and McDonald, 2012; Sinclair et al., 2005). This increases water loss from leaves, and 
decreases photosynthetic efficiency because the ratio between CO2 uptake and water loss declines. 
This explains why crop TE is negatively correlated with increasing VPD (Sadras and McDonald, 
2012). However, certain genotypes of crops, including sorghum tend to reduce transpiration rates in 
response to high VPD, resulting in less water use. Thus, in these genotypes, TE tends to be higher 
(Sinclair et al., 2005). 
Much research has been conducted to understand transpiration responses to VPD in crops. A 
modelling study, which investigated the effects of restricting transpiration rates to a maximum in 
response to high midday VPD, concluded that this would lead to increased TE and improved 
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sorghum grain yields under water-limited conditions (Sinclair et al., 2005). Another study on 
limited transpiration responses to high VPD in maize found that individual maize genotypes limited 
their transpiration rates and illustrated conservation of soil water to support crop growth at later 
stages (Gholipoor et al., 2012). Similar to sorghum (Gholipoor et al., 2010; Sinclair et al., 2005) 
and maize (Messina et al., 2015), significant genotypic variation in responses of transpiration rates 
to increased VPD have been observed for pearl millet (Kholová et al., 2010b), peanut (Jyostna Devi 
et al., 2010) and cowpeas (Belko et al., 2012).   
Limited transpiration response to high VPD has been attributed to limited hydraulic 
conductance within leaves. For example, in soybeans, improved efficiency of water use for biomass 
production was a result of limited transpiration rates under high evaporative demands due to a lower 
leaf hydraulic conductance  (Sinclair et al., 2008). Since water is continuously extracted and lost 
through a soil-plant-atmosphere continuum, the control of water loss has been associated with 
regulations in shoots and roots (Blum, 2011). Additionally, the water uptake capacity can be further 
influenced by the root metaxylem area. In  a study with two wheat genotypes, a smaller Steele and 
central metaxylem diameter was associated with lower root conductivity and limited transpiration 
and thus, a more conservative water use in the drought tolerant genotype (Schoppach et al., 2013).. 
Similarly, decreased xylem vessel diameters in wheat seminal roots were found to restrict hydraulic 
conductance and water movement, which reduced the transpiration per unit leaf area and thus 
delayed adverse effects of drought stress on crop production (Passioura, 1972).  Hence, limited 
hydraulic conductance in plant responses to environmental influence is important for crop growth 
and soil water conservation and is known to be affected by aquaporin (AQP) activity. 
Aquaporins are special channel proteins known to play an important role in the movement of 
water through the plant (Lambers et al., 2008), the transfer of small neutral solutes (Chaumont et 
al., 2005), and the transport of CO2 (Heinen et al., 2009). Since AQPs provide a possible link 
between CO2 transportation pathways from sub-stomatal cavities to chloroplasts and water loss 
pathways within leaves, AQPs could be regulated to possibly increase intrinsic TE. Specific AQPs 
are known to facilitate movement of CO2 across membranes and this role accounts for the rapid 
regulation of mesophyll conductance (gm) that has been reported under conditions such as high 
temperatures and drought (Flexas et al., 2006). Hence, AQPS are likely to have a strong impact on 
crop photosynthesis and plant water use, due to their effects on CO2 transport, gm, water transport, 
and indirectly on stomatal conductance (Moshelion et al., 2015).  
Influence of AQP on hydraulic conductivity has been linked to the presence of abscisic acid 
(ABA) in root tissues. Abscisic acid is a phytohormone present in specific tissues that are exposed 
to fluctuating environmental conditions (Taiz and Zeiger, 1998), and increases in concentration, 
particularly when plants experience drought stress. In maize, AQP gene expression and protein 
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content was positively correlated with root ABA concentration (Parent et al., 2009) possibly to 
facilitate increased hydraulic conductance. Upregulation and downregulation of AQPs in crops can 
also affect hydraulic conductance, which in turn can influence the transpiration response to 
increasing VPD. In sorghum, for example, genotypic differences in AQP transcripts and abundance 
were found, with lines that were insensitive to high VPD having large quantities of AQP proteins 
and transcripts (Vadez, 2014). These results indicate that ABA can influence hydraulic attributes of 
roots and leaves, resulting in responses mediated through AQP activity. 
2.4.2 Leaf-level stomatal regulation of transpiration and TE 
The conservation of water to retain full functional capacity of a plant depends on its ability 
to regulate transpiration per leaf area. Loss of water is inevitable during photosynthesis, and 
stomates wield the greatest control of water movement in the plant and atmosphere continuum 
(Connor et al., 2011). The behaviour and size of stomata differs across species and even across the 
leaf surface on the same plant. Under drought stress, stomates have been found to respond in a non-
uniform manner, whereby some stomates are closed completely, whilst others do not change their 
aperture (Downton et al., 1988). This may explain why under moderate drought stress, stomatal 
closure does not inhibit photosynthesis (Downton et al., 1988).  
Stomatal density and aperture can play a significant role in determining transpirational loss. 
A substantial amount of water can be lost from leaves even when stomates are at their minimum 
aperture (Muchow and Sinclair, 1989), which can be an issue under drought stress. In addition, Xu 
and Zhou (2008) reported a positive correlation between stomatal density, stomatal conductance 
(gs) and net carbon dioxide assimilation in a perennial grass. They further reported that an increase 
in stomatal density (after a long phase of moderate drought) maybe a protective mechanism to 
maintain stomatal conductance to create a balance between carbon and water exchange, which will 
increase water use efficiency (Xu and Zhou, 2008). Hence, an increase in efficiency of water use 
with increasing stomatal density might indicate adaptations to drought stress, particularly when 
stress is moderate. However, under high intensity drought scenarios, partial or full stomatal closure 
is the best mechanism to save water.  
Stomatal closure under water deficit is the fastest method of reducing transpiration per unit 
leaf area (Connor et al., 2011). This rapid response has been attributed to hormonal signals, with 
abscisic acid (ABA) reportedly playing a major role in controlling water flux in plants. ABA is a 
plant hormone that mediates plant adaptations to drought stress, and it has been suggested that it is  
produced in the roots in response to dry soil, and then is transported to  leaves via sap flow (Dodd et 
al., 2008). The mechanism through which roots sense dry soil is still being researched, but it has 
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been suggested that drying roots release ABA into the surrounding soil, which seems to be a 
consequence of roots sensing dry soil and increasing their ABA biosynthesis, such that a higher 
ABA concentration is linked with a drier soil (Lambers et al., 2008). ABA signals are mainly 
transported from the roots to the shoot via the sap flow within the xylem vessels (Dodd et al., 2008; 
Taiz and Zeiger, 1998). However, elsewhere it was further argued that shoots were the primary 
sensor of soil water deficit, since osmotically stressing the roots first induced shoot ABA 
biosynthesis (Christmann et al., 2005). This was further supported by Holbrook et al. (2002) who 
reported that drought-induced stomatal closure is independent of root ABA status (using grafting 
studies). Stomatal closure has been linked to increased ABA concentrations in the leaf (Davies and 
Hartung, 2004). In a drought experiment, Christmann et al. (2005) reported ABA accumulates in 
the shoots and controls stomatal closure, which may be maintained via a reduction in guard cell 
solute concentration (Taiz and Zeiger, 1998). Thus, while selecting plants that restrict transpiration 
rates in response to high VPD or drought, breeders might have been opting for genotypes that use 
ABA to respond to soil water deficits.  
 
2.5 Trait dissection of TE: photosynthetic capacity 
The other governing component for the TE trait is photosynthesis. Increased photosynthetic 
capacity can increase TE via an increase in CO2 assimilation and thus increase biomass production. 
Enormous breeding efforts are going on in order to increase grain yield in most of our food crops, 
especially in cereal crops. It has been predicted that an increase of about 70% in crop yields will be 
needed to meet global food demand by 2050 (UNWWDR4, 2012). This substantial increase in 
demand cannot be met through current methods for increasing yields that mainly targeted harvest 
index and the efficiency of resource capture (Richards et al., 2014), particularly under irrigated 
conditions. Rather, the focus is now shifting to resource use efficiency, including TE and 
improvements in the photosynthetic capacity of crops.  
Increasing biomass production of crops may be important to crop yields,  especially under 
favourable conditions (Tollenaar, 1991), because the harvest index (HI) might be close to its 
maximum potential, particularly, in crops like wheat (Richards, 2000) and rice (Plucknett, 1995). 
Improvements in biomass production can be achieved by increased photosynthesis rates. However, 
the issue of improving yields under water-limited conditions remains, and one way to improve 
drought adaptation in crops maybe to select for crops with existing variation in photosynthetic 
capacity that result in high TE (Makino, 2011). 
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2.5.1 Brief account of photosynthesis (C3 and C4) 
Photosynthesis is a process that uses sunlight and CO2 to synthesise organic compounds 
(Taiz and Zeiger, 1998). Light is absorbed by the thylakoid membrane to produce high energy 
compounds such as NADPH and ATP via the electron transport chain (Lambers et al., 2008). The 
end products of the light reactions are then used in the carbon fixation process. In the stroma, where 
the dark reactions or the Calvin cycle occurs, atmospheric CO2 enters the leaf through stomata. CO2 
is fixed to ribulose-1,5-biphosphate (RuBP), facilitated by Ribulose-1,5-biphosphate 
carboxylase/oxygenase (Rubisco) to form two molecules of a three-carbon compound called 3-
phosphoglycerate (Karki et al., 2013); hence the name C3 photosynthesis. 3-phosphoglycerate is 
reduced to form glyceralydehyde-3-phosphate (Taiz and Zeiger, 1998). Rubisco (Ribulose-1, 5-
biophosphate carboxylase/oxygenase) tends to bind oxygen with Ribulose-1,5-biphosphate in C3 
plants. This binding produces undesirable products through photorespiration, which requires huge 
energy expenditure by the plant to break down. This is done through the photorespiratory carbon 
oxidation cycle (Taiz and Zeiger, 1998). Contrary to this, C4 plants such as maize and sorghum 
have evolved a mechanism that reduces photorespiration, whereby CO2 is fixed by 
phosphoenolpyruvate carboxylase (PEPc) to form a four-carbon compound (oxaloacetate). This 
four-carbon compound is then transferred into bundle sheath cells, which is a gas tight layer, 
resulting in high concentrations of CO2 inside the bundle sheath. Once oxaloacetate reaches the 
bundle sheath cells, decarboxylation releases CO2, which is fixed by rubisco following a C3 
pathway (Taiz and Zeiger, 1998). The compartmentalisation and use of PEP carboxylase in C4 
photosynthesis presents a solution to the problem of photorespiration experienced by C3 plants and 
this enhances the photosynthetic efficiency and thus, TE in C4 plants crops such as maize and 
sorghum in comparison to C3 crops such as wheat and rice.   
2.5.2 Role of ci and ca in photosynthesis and intrinsic TE 
Screening for photosynthesis and higher intrinsic TE in crops, has been made easier by 
assessing the state of internal gas concentration in the leaf, namely the comparison of intercellular 
CO2 concentration (ci) with atmospheric CO2 concentrations (ca). Instantaneous TE can be defined 
as the ratio of CO2 assimilation (A) per transpiration rate (E) occurring at the stomata (Condon et 
al., 2002). Intrinsic TE can be further estimated as the ratio of ci to ca (von Caemmerer, 1999). This 
is because, photosynthesis reduces ci, which results in a greater CO2 diffusion gradient between 
sub-stomatal cavity and the external air (Jackson et al., 2016). Variations in ci/ca can be a 
consequence of genotypic variation in stomatal conductance or in photosynthetic capacity (carbon 
assimilation) (Condon et al., 2004), which in turn affects intrinsic TE in different crops. Hence, 
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having information on intrinsic TE can provide information on the type of environments suited for 
growing different genotypes.  
High TE, resulting from reduced stomatal conductance, may lead to reduced crop growth 
over time, especially in high-yielding environments (Blum, 2009). However, it remains useful for 
crop growth in low-yielding (arid and semi-arid) regions. Genotypes with reduced stomatal 
conductance (decreased ci/ca ratio), also tend to have a high internal leaf temperature; this can 
increase transpiration rates, resulting in a decline in TE that becomes counter-productive in water-
limited environments (Condon et al., 1990). C4 crops such as maize, sugar cane and sorghum, tend 
to have a higher level of saturated photosynthesis at a lower conductance than C3 crops, resulting in 
a lower ci/ca and a higher TE. Hence, more information on leaf parameters that provide further 
estimates of the ci and ca ratio is needed to successfully screen for TE in crops.  
One useful method to measure the relative differences in the ci and ca value among crops is 
by estimating the carbon isotope composition of plant material whereby 13C, which accounts for 
about 1% of the atmospheric CO2, is measured. The ratio of 
13C to 12C in the plant dry matter 
indicates a plant’s discrimination of 13C in favour of 12C, carbon dioxide (Condon et al., 2004). 
According to the fractionation equation developed by Farquhar and Richards (1984), in C3 plants, a 
is the fractionation associated with diffusion of CO2 into the intercellular spaces (a=4.4) and b is the 
fractionation associated with carboxylation of CO2 into the products of photosynthesis by Rubisco, 
consequently ∆ 13C shows a positive relationship to the ci/ca ratio.  
   
Equation 3 
  
 
Since TE is negatively correlated with the ci/ca ratio in C3 plants, ∆ 13C (13C isotope 
discrimination) is negatively correlated with TE. Hence, screening for ∆ 13C is a reliable index for 
estimating WUE (TE) in C3  plants (Farquhar et al., 1982).  However, there are some drawbacks to 
using this technique. Firstly, the relationship between ∆ 13C and crop grain yield can be 
inconsistent, which has been linked to the slow growth rate of low ∆ 13C plants in well-watered 
environment (Condon et al., 2004). This is because reduced stomatal conductance can adversely 
affect the rate of photosynthesis, resulting in slow crop growth, even though TE would be higher. 
Secondly, this technique does not give reliable information for C4 crops, such as sorghum and 
maize. This is because of the different carboxylation enzyme (PEP carboxylase),  CO2-
concentrating bundle sheath cells (Marshall et al., 2008), and a lack of evidence on variation 
between enzymatic assimilation and diffusion of CO2 through the stomata, their ∆ 13C cannot be 
∆ 13C = a+ (b-a) Ci/Ca 
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interpreted in terms of efficiency with which water is utilized (Marshall et al., 2008). Hence, this 
advocates for actual leaf spot measurements of stomatal conductance and photosynthesis to study 
genotypic differences in TE for sorghum. 
 
2.5.3 Mesophyll conductance links to whole-plant TE 
Mesophyll conductance (gm) is another important factor that limits photosynthesis and can 
potentially impact TE. Mesophyll conductance, which is defined as the movement of CO2 from the 
sub-stomatal cavity across the leaf mesophyll cells into the chloroplasts (Niinemets et al., 2009), 
plays an important role in controlling rates of photosynthesis (Keenan et al., 2010), and intrinsic 
TE, as was reported in pearl millet (Barbour et al., 2010). Similar studies in wheat reported 
genotypes with high photosynthesis and intrinsic water use efficiency (Jahan et al., 2014). Since gm 
accounts for movement of CO2 into leaf carboxylation sites, gm differences result in differences 
within and amongst crops for photosynthesis (Niinemets et al., 2009) and, potentially for intrinsic 
TE. Numerous research has reported the ci /ca ratio to be negatively associated with TE (Condon et 
al., 2004). Thus, a high leaf ci/ca indicates greater stomatal conductance, which increases 
transpiration and reduces TE. In order to maintain leaf water status, plants may trigger stomatal 
closure, that may affect gm and photosynthesis because with decreasing gm, photosynthesis 
reportedly becomes limited (Niinemets et al., 2009). However, under severe water stress, TE is 
largely associated with stomatal limitation, resulting in reduced photosynthesis via cessation in rates 
of gas exchange, rather than just a consequence of gm limitation (Flexas et al., 2012). Hence, it 
might be beneficial to investigate gm responses to environmental factors, such as high atmospheric 
demand and drought, with a possibility to select for crop varieties with high gm and intrinsic TE, 
resulting from high photosynthesis (Barbour et al., 2010). This improved knowledge on gm links to 
TE in sorghum, could then be incorporated into biochemical photosynthesis models (Wu et al., 
2016).   
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2.6 Effects of abiotic stress on TE 
2.6.1 Role of Nitrogen (N) in photosynthesis and impacts on TE 
Nitrogen (N) is an important macro nutrient for plants, especially for the process of 
photosynthesis. This is because proteins and enzymes essential for plant growth are composed of 
nitrogen. Around 50% of nitrogen in leaves is present within the photosynthetic apparatus in the 
Calvin cycle and  the thylakoids (Evans, 1989), making N content and supply an important factor 
for photosynthetic mechanisms (Lambers et al., 2008). Under N limitation, the entire photosynthetic 
process gets down regulated, causing declines in Rubisco and leaf chlorophyll content (Lambers et 
al., 2008) and thus in photosynthetic capacity (Muchow and Sinclair, 1994). 
Rubisco, an enzyme essential for the process of carboxylation of Ribulose-1, 5- biphosphate, 
is a large protein made up of eight small and eight large subunits (Lodish, 2013). Rubisco is known 
to have a low affinity for CO2. Hence, green leaves accumulate it in high concentrations to ensure 
efficient carboxylation and decreased photorespiration (Evans, 1989) during the photosynthesis 
process. Since Rubisco is composed of leaf N, its content varies with total leaf N, and the Rubisco 
content reflects leaf photosynthetic capacity (Evans, 1989). Hence, limiting leaf N can potentially 
reduce photosynthesis because of low Rubisco for carboxylation process.  
Leaf N content is associated with high specific leaf nitrogen (SLN). SLN is defined as leaf N 
per unit of leaf area (Borrell and Hammer, 2000). Under N-limiting conditions, photosynthesis 
shows a positive relationship to SLN (Evans, 1989), but under luxury N conditions, around SLN of 
1 g/m2 for C4 cereals, any further increase in SLN does not increase photosynthetic capacity 
(Muchow and Sinclair, 1994). Leaf N translocation during grain filling is important, particularly 
under N-limiting conditions, to meet the grain N requirement. The low SLN and increased leaf 
senescence in sorghum to meet the grain N demand was linked to limited stem N availability under 
low-N growing conditions (van Oosterom et al., 2010b), and may affect grain filling and yield 
(Distelfeld et al., 2014). Before flowering, the structural nitrogen requirement of the stem is met 
first and leaves later, but leaves have priority for luxury N (van Oosterom et al., 2011a). Hence, in 
the case of N deficiency,  leaves become a relatively larger N source during grain filling,  when N 
stored within vegetative structures is mobilised towards reproductive organ development or grain 
filling (van Oosterom et al., 2010b). Grain N demand is first met from stems, and then leaves (van 
Oosterom et al., 2010b), in order to maintain photosynthesis at later growth stages. Increased SLN 
can thus result in stay-green, which is defined as prolonged greenness of leaves during grain filling, 
when the rate of leaf senescence is associated with N availability.    
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The decline in light-saturated leaf CO2 assimilation under low SLN (leaf N) also reduced 
radiation use efficiency (RUE), which is the amount of biomass produced per unit of radiation 
intercepted  (Muchow and Sinclair, 1994; Sinclair and Horie, 1989). RUE is higher in C4 than in C3 
crops. However, variation exists within C4 species, as maize has a higher RUE (1.6-1.7 g/MJ, 
Lindquist et al., 2005) than a short height (3-dwarf) sorghum (1.2-1.4 g/MJ, Hammer et al., 2010). 
Hence, RUE and photosynthesis are dependent on nitrogen content of leaves and attempts to 
increase photosynthesis and eventual TE will need to investigate and understand this thoroughly for 
it to be useful in improving yields.    
Nitrogen supply is also known to influence transpiration rates in plants. Higher soil N was 
associated with larger plant size and hence higher transpiration rates under well-watered conditions 
(Cechin and de Fátima Fumis, 2004; Shimshi, 1970). This larger size resulted from a larger leaf 
production from increased availability of soil N that may have influenced plant transpiration rates.  
This theory persisted under N limitations, where lack of N impacted expansion and leaf area 
significantly, consequently decreasing transpiration rates (Dodd et al., 2004; Zhao et al., 2005). 
There is an interdependent relationship between effects of N and drought on efficiency of water use 
in plants. For example, in dry conditions, lower conductance results in higher efficiency in water 
use for biomass production, however, photosynthetic efficiency is not maximised if plants do not 
invest largely in photosynthetic enzymes for increased drawdown of CO2 (Lambers et al., 2008). In 
safflower plants, it was reported that higher N availability increased efficiency of water use, due to 
higher assimilation rates (Dordas and Sioulas, 2008). While, under N stress, limitations on enzymes 
for photosynthesis might trigger a greater stomatal opening that may implicate efficiency of water 
use in plants (Lambers et al., 2008). However, in one report, the decrease in leaf photosynthesis 
under N deficiency was associated with limitations in stomatal conductance (Zhao et al., 2005). 
Hence, this interdependent relationship between N and water availability, and their effect on TE 
needs to be further investigated to understand crop responses better.     
2.6.2 Effects of drought stress on TE 
Drought stress can be defined as a period of prolonged dry conditions (Connor et al., 2011), 
with its effect on plant growth depending on the timing and severity of the water limitation 
(Donatelli et al., 1992). Patterns of drought stress and its effects depend on factors such as the 
spatial and temporal distribution of rainfall relative to crop growth stage, evaporation and the water-
holding capacity of the soil (Wery et al., 1994). Plant responses to water shortages and other 
environmental constraints are driven by their hydraulic structure, with factors such as transpiration 
loss, and soil water uptake playing an important role (Zimmermann et al., 2013). Hence, it is useful 
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to understand plant responses to drought stress to further elucidate traits that may be useful for grain 
yield under drought scenarios. 
Drought has the potential to impact plant molecular processes and reduce crop yields in 
numerous ways. Reduction in leaf area development limits transpiration rates and is a water-saving 
strategy employed by plants (Rosenthal et al., 1987). Soils with good water-holding capacity may 
store water that is useful for crop growth during intermittent/terminal drought stress, if captured and 
used appropriately by the plant. Alleviating drought stress is important, particularly around anthesis 
and during grain filling in crops because drought can negatively impact grain yields, as was 
reported for sorghum and rice, where terminal drought reduced grain yields by 87% (Craufurd et 
al., 1993) and 43% (Wopereis et al., 1996), respectively. Quick acting mechanisms, such as, leaf 
rolling (Monneveux and Ribaut, 2006b) and increased/early leaf senescence (Hammer et al., 2010; 
Wopereis et al., 1996), are employed to reduce leaf area available for transpiration, particularly 
under severe drought stress. In addition, these mechanisms also reduce CO2 assimilation, and if 
used for extended periods, can reduce biomass accumulation. Hence, use of traits such as TE that 
enable more efficient use of captured water can improve biomass accumulation and hence, grain 
yields, particularly in areas afflicted by drought.  
In sorghum, TE was reported to increase under mild drought (Donatelli et al., 1992; 
Mortlock and Hammer, 1999). This is because reduced stomatal conductance limits transpiration 
rates more than photosynthesis, subsequently increasing efficiency of CO2 uptake per unit of water 
transpired. Other studies have reported slight or no change in TE of sorghum in response to drought, 
with observed decreases in evapotranspiration and growth under water-limited conditions (Garrity 
et al., 1982). However, under severe drought stress, TE in crops has been observed to decline 
significantly. This is because restricted stomatal activity implicates transpiration per unit leaf area, 
which further impedes photosynthesis and biomass accumulation eventuating in crop mortality. 
Hence, the effect of drought stress on TE of sorghum depends on the level of stress. 
Similar results have been reported for crops other than sorghum. Several studies have looked 
at TE under drought stress in different crops, with variable results. Positive impacts of drought on 
TE were observed in groundnut (Bhatnagar-Mathur et al., 2007; Devi et al., 2011) and cowpea 
(Belko et al., 2012).  Additionally, in a study with 17 sorghum genotypes, a 9% increase in TE was 
observed under water limitation compared with well-watered conditions (Mortlock and Hammer, 
1999). This was attributed to differences in leaf area in well-watered plants, with bigger plants 
using more water compared to the smaller, water-stressed plants. A similar study found TE to 
increase by 28% under water-limitations compared to well-watered conditions in four sorghum 
genotypes, while no change in TE was observed in two other genotypes (Donatelli et al., 1992). No 
significant differences in TE in response to water limitation was observed in a study with pearl 
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millet, however the authors argued that this may have been because of exclusion of root mass from 
TE calculations, which might have underestimated total TE relatively more in the drought stressed 
treatment (Kholová et al., 2010a). Hence, these different results indicate that further studies are 
needed to explore whether the TE of sorghum germplasm known to exhibit genotypic variation in 
TE under well-watered environments responds differently to drought stress. This will provide the 
information and knowledge required to assess the importance of TE on growth and yield in 
response to environments and its potential use in crop improvements (Donatelli et al., 1992).  
TE is a trait that is particularly useful in drought conditions, but is often measured under 
well-watered conditions. Additionally, apart from genotypic and environmental effects, TE may 
also be affected by the interactions between genotype and environment (G×E). Some papers report 
no G×E interactions for TE (Mortlock and Hammer, 1999), while others do (Vadez et al., 2011; Xin 
et al., 2009). Accurate TE predictions of TE under drought can only be done in well-watered 
conditions in the absence of G×E interactions but this is not always the case, and this interaction 
needs to be accounted for in the data analysis. Hence, to be able to make accurate TE predictions for 
crops, a better understanding of these interactions is needed, which is only possible through more 
research on TE under drought scenarios, which is still lacking to date.  
To understand the response of TE to drought, plants need to be grown under drought stress 
and their TE compared. The level of drought stress a plant is exposed to can be quantified using 
fraction of transpirable soil water (FTSW- soil based) or relative transpiration (RT- plant based). 
FTSW is a useful indicator of variation in soil water content and allows drought stress data from 
different trials, locations, and planting dates to be compared (Pellegrino et al., 2004). FTSW is a 
measure of the amount of plant-available water left in the soil and is calculated as a percentage of 
available transpirable soil water over total transpirable soil water (TTSW) (Liu and Stutzel, 2002; 
Sinclair and Ludlow, 1986b). For lysimeter experiments, total available soil water for each plant 
can be estimated from the drained upper limit (DUL), the lower limit (LL), and the amount of dry 
soil in each lysimeter. The major disadvantage of using FTSW is that it assumes an equal 
distribution and growth of roots, and a homogenous soil water content throughout the pot, which 
can be difficult to achieve if pot size is large.  
Another method used to quantify drought stress is relative transpiration (RT), which is a 
plant-based method using transpiration rates. RT is defined as the water use of a stressed plant 
relative to that of a well-watered one (Bhatnagar-Mathur et al., 2007; Sinclair and Ludlow, 1986a). 
When water is withheld from a plant, a decline in FTSW in the soil of a lysimeter pot does not elicit 
a decline in RT of a plant until the FTSW drops below a critical value, at which stage RT declines 
linearly with FTSW. The disadvantage of RT is that it can vary with the daily transpiration rates in 
response to environmental conditions, making it harder to use in environments with large day-to-
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day variation.  Moreover, RT can become a moving target under prolonged periods of drought 
stress if differences in the rate of growth and leaf area development are large between well-watered 
and drought- stressed plants (Wopereis et al., 1996).  Hence, RT is useful as a measure of stress 
index at locations where climate conditions are constant and relatively predictable, and where the 
stress is for a short period only without affecting leaf area development.   
Crops exhibit genotypic variation in transpiration rates in response to varying FTSW, and 
may be available for further TE manipulation. Peanut genotypes were reported to exhibit 
contrasting FTSW thresholds at which transpiration rates declined in response to high VPD (Jyostna 
Devi et al., 2009). Further research on transpiration rates in response to moisture availability in soils 
has been reported for cowpea (Belko et al., 2012), pearl millet (Kholová et al., 2010b), and 
sorghum (Gholipoor et al., 2010). In sorghum, it was observed that limitation  in transpiration rates 
at high VPD reduced transpiration loss and saved water in the soil profile, which was used to 
sustain transpiration rates at a lower FTSW (Gholipoor et al., 2012). Hence, investing in genotypes 
that limit transpiration in response to increasing VPD or declining FTSW, may prove to be 
beneficial in improving crop TE and yields via water availability in the soil. 
Benefits of soil water conservation to increased yields have been supported by a simulation 
study on sorghum water use, where restricted transpiration rates in response to high midday vapour 
pressure deficit (VPD) increased water use efficiency (WUE) and predicted 10% higher grain yield 
in sorghum under drought stress (Sinclair et al., 2005). Similarly, Gholipoor et al. (2012) reported 
that some sorghum genotypes responded to increased VPD by reducing their transpiration rates, 
while continuing soil water extraction for longer (at lower FTSW). Jyostna Devi et al. (2009) 
reported high TE amongst peanut genotypes in variable soil water conditions that may have been 
partly due to reduced transpiration at high VPD. Water-saving strategies such as restricted pre-
anthesis use, result in increased crop TE and are beneficial for grain yield (van Oosterom et al., 
2011). The inconsistent results regarding differences in TE under water-limited or well-watered 
conditions are likely due to differences in intensities of drought stress, methods for administering 
water limitation, time and environmental conditions. Despite this, studies on TE under drought are 
important to investigate benefits for grain yield, particularly in drought-prone regions. 
Regardless of TE benefits to crops in semi-arid and arid regions, high TE through reduced 
transpiration rates may be counter-productive in environments that have optimum growth 
conditions. Reduced transpiration rates and cessation of stomatal activity will decrease intercellular 
CO2 concentration (ci) and reduce carbon fixation (Kholová et al., 2010a), resulting in a yield 
penalty. This was also reported from simulation studies on effects of limited-transpiration traits on 
grain yields, which reported yield advantages in lower-yielding years, particularly under water-
limited conditions in maize (Messina et al., 2015), sorghum (Sinclair et al., 2005) and soybean 
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(Sinclair et al., 2016), but the limited-transpiration trait was simulated to result in yield penalties in 
favourable environments. Uptake of carbon dioxide and effusion of water both occur via the 
stomata respectively; and it is this inevitable coupling of CO2 gas exchange and water vapour, 
which leads to a trade-off between water loss and biomass production. If high TE were associated 
with increased photosynthetic rates due to biochemical processes, rather than gas exchange, it is 
likely that yield penalties under optimum conditions were less. However, yield benefits under 
drought may also be reduced due to a lack of water saving. Hence, the benefits of high TE are likely 
to depend on the environments, in which a crop is grown and on the physiological pathway that 
determines high TE.   
 
2.7 Conclusion 
Under the expected climate change scenarios, efficient use of water is becoming increasingly 
critical to sustain grain yields for dryland crops like sorghum. Increased TE is one trait that could 
mitigate the adverse effects of declining water resources on crop yield. Increased TE can be 
achieved through different physiological and biochemical pathways, the merits of which are likely 
to depend on the predominant drought stress patterns in the environments where the crop is grown. 
Hence, a better understanding of the range of genotypic differences for TE in sorghum, and the 
processes that determine these differences would be of value to crop improvement programs, 
particularly if these differences could be linked to their underpinning genetic control. 
This MPhil thesis has two research chapters. The first presents lysimeter experiments on trait 
dissection of TE, conducted under well-watered conditions for a set of diverse germplasm used in 
the sorghum breeding program in Australia. The objectives of this chapter are to determine (1) the 
range in TE in the germplasm, (2) whether differences in TE can be associated with differences in 
transpiration rates or photosynthesis, and (3) if plant-level differences in transpiration rates are 
representative of leaf-level differences in conductance. The second research chapter presents 
lysimeter experiments conducted under mild drought stress for six genotypes known to differ in TE 
under well-watered conditions.  The objectives of this chapter are to determine (1) if mild drought 
stress affects TE and (2) if genotypes differ in their response of transpiration rate to mild drought 
stress. Implications of the research for crop improvement are discussed.  
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CHAPTER 3 
3 The role of genotypic variation in leaf photosynthesis and 
conductance in determining genotypic variation in whole-
plant transpiration efficiency in sorghum 
3.1 Abstract 
Water scarcity is becoming increasingly detrimental to sorghum production, particularly in semi-
arid regions in the world, with climate change further exacerbating the drought phenomenon. With a 
crucial need for enhanced drought adaptation traits in crops under future climate scenarios, 
transpiration efficiency (TE) is an important trait for improving productivity of water used. 
Enhanced TE, which can be a consequence of more conservative pre-anthesis water use in crops, is 
an important trait for screening genotypes, since reduced transpiration during vegetative stage can 
increase available soil water to support crop growth at later stages and thus, improve crop yields. 
The aims of this study were to (1) determine genotypic variation in TE in a wide range of sorghum 
germplasm, and (2) link this genotypic variation in TE to underpinning leaf level processes 
associated with photosynthesis rate and stomatal flux of water vapour. Two experiments were 
conducted using 27 genotypes and plants were grown in an automated lysimetry platform that 
allowed us to continuously monitor water use. The TE for each plant was determined from total dry 
biomass at harvest and total transpiration. Transpiration rates per plant were standardised for green 
leaf area (T/GLA) and the response of T/GLA to vapour pressure deficit (VPD) was calculated on 
an hourly and daily basis. Each genotype was further screened for maximum photosynthetic rate 
(Amax), which we defined as the net carbon assimilation rate of a second fully expanded leaf under 
high light intensity and leaf conductance, which we measured as water vapour flux through the 
stomata using a porometer. Significant genotypic variation in TE existed, which was mainly 
associated with genotypic differences in the response of T/GLA to VPD, implying differences in 
stomatal conductance, possibly associated with transport of water from roots to leaves. Variation in 
Amax explained some of the differences in TE that could not be explained by T/GLA and that may 
thus have been a result of mechanisms associated with differences in biochemical pathways that 
affect the efficiency of conversion of CO2 into photosynthate. The classification of genotypes using 
the associated physiological trait underpinning TE differences is beneficial in identifying traits that 
may support growth in certain environments and can optimise grain yield production.  
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3.2 Introduction 
Sorghum (Sorghum bicolor (L.) Moench), is a versatile crop with many uses, that includes 
human consumption, animal feed grain for beef industry and stock for biofuel (ethanol). Sorghum is 
particularly recognised for its ability to be productive in water-limited situations due to its 
adaptation to arid environments (Burke et al., 2015). However, under severe water stress, 
particularly during growth stages most critical to yield formation, sorghum growth and yields can 
decrease (Balota et al., 2008). Under global climate change, both climate variability and the severity 
of climate events such as droughts are predicted to increase, which will put more pressure on dry-
land crop production, especially in the semi-arid regions (IPCC, 2014). At the same time there is 
increased pressure on agriculture to in fact increase global production by 70% by 2050  to meet 
increased demand for food (FAO, 2009). As availability of land and irrigation for agriculture is 
expected to decline further, (Foley et al., 2011) any increase will have to come from increased 
productivity of dry-land crops, which emphasizes the need to increase resource-use efficiency in 
crops, particularly water use efficiency.   
Increased transpiration efficiency (TE) is a trait that is particularly advantageous to 
producing “more crop per drop” (Marris, 2008) of water, and can further improve drought 
adaptation in sorghum (Hubick et al., 1990; Vadez et al., 2014). At the plant level, TE is the amount 
of plant biomass produced (g) per unit of water captured for transpiration (kg) (Hammer et al., 
1997),  typically measured over a few months. At the leaf level, what is termed intrinsic TE is the 
ratio of instantaneous rates of CO2 assimilation (photosynthesis) and leaf conductance to water 
(Condon et al., 2002; Tuberosa, 2012), which is measured over a few seconds to a few minutes. 
Genotypic variation in TE has been reported in various crops, including wheat (Condon et al., 
1990), rice (Impa et al., 2005), peanut (Wright et al., 1994), sunflower (Lambrides et al., 2004), 
maize (Pilbeam et al., 1995; Ryan et al., 2016a) and sorghum (Hammer et al., 1997; Mortlock and 
Hammer, 1999; Vadez et al., 2011; Xin et al., 2008).  This genetic variation is suggestive of greater 
scope for further development of more  drought-tolerant and water-efficient sorghum varieties 
(Borrell et al., 2006). That this will also have substantial positive impacts on grain yield production, 
was suggested in crop yield simulations with increased TE as a consequence of restricted 
transpiration rate (reduced loss of water vapour through stomates) when vapour pressure deficit 
(VPD) was highest (Hammer and Muchow, 1991; Sinclair et al., 2005). Since VPD is the driving 
force of crop transpiration rates (Sadras and McDonald, 2012), reduced  transpiration rates at a 
given  VPD enhances crop TE  (Gholipoor et al., 2010; Kemanian et al., 2005; Vadez and 
Ratnakumar, 2016) and enables conservation of soil water for use during later growth stages,  
particularly grain filling (Sinclair et al., 2005). TE improvements can also be achieved through 
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increased rates of photosynthesis (Peng and Krieg, 1992; Xin et al., 2009), which is a primary 
determinant of crop biomass (Parry et al., 2011). However, it has been argued that increased 
biomass through high photosynthetic rates only result in improved crop yields, if other factors 
remain non-limiting (Lambers et al., 2008; Parry et al., 2011). Thus, despite numerous studies 
conducted on TE, further clarification on the role of the mechanisms underpinning TE and their 
effects on crop productivity and overall water use are needed.   
Also, predicting overall crop TE is complicated by genotype x environment interactions 
(GEI). This makes characterisation and improvement in TE difficult, since TE tends to vary under 
different growth environments. Thus, targeting the underpinning physiological components of TE, 
such as stomatal sensitivity to VPD and drought may be a more reliable way to screen genotypes for 
TE and could therefore  have a significant impact on sorghum adaptation and ultimately yield 
(Sinclair, 2012).  
While exploiting the existence of genotypic variation in transpiration rates to VPD may 
enhance crop TE and improve grain yield under water limitation, screening genotypes for the other 
component of TE, increased photosynthetic capacity, may also assist with improving crop yields in 
high-yielding environments. This is particularly pertinent as further yield advances are unlikely to 
come from further improvements in harvest index, which is already close to maximum for some 
crops, including wheat and rice (Parry et al., 2011; Richards, 2000). Thus, investigations into 
specific traits that influence more efficient plant water use for biomass production may characterise 
the fitness of genotypes for their usefulness in specific target environments.  
 In this chapter, investigations into the genotype, environment and GEI effects on TE and the 
relationship between leaf-level components in sorghum are reported. Experiments were conducted 
using an automated lysimetry platform to (1) examine genotypic variation in transpiration efficiency 
(TE) in inbred and hybrid lines of sorghum, (2) investigate and compare the expression of a limited 
transpiration response to VPD amongst genotypes at the whole plant and leaf level, and (3) dissect 
TE into its leaf-level physiological components of photosynthesis and leaf conductance to water.  
3.3 Materials and Methods 
Experiments were conducted using an automated lysimetry platform located in a shade 
house at the University of Queensland, Gatton campus, Australia. The shade house comprised of a 
plastic cover for its roof and mesh weave as its walls. The roof reduced incoming solar radiation but 
increased diffuse radiation, resulting in a 20-30% decrease in radiation (van Oosterom et al., 2011) . 
Mesh weave allowed natural air circulation within the shade house, and kept temperature close to 
ambient.  
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3.3.1 Germplasm Used 
A total of 27 sorghum genotypes, including both inbred lines and hybrids, were grown in the 
experiments (Table 3.1). The inbred lines represented a diverse range of germplasm that has been 
used as parents in the Australian sorghum pre-breeding program based at Warwick, Queensland. 
These genotypes were selected based on information from previous experiments, which either 
indicated genotypic differences in TE, or possible differences in traits related to TE, including 
differences in leaf conductance (transpiration rates) and/or photosynthetic capacity. 
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Table 3.1. Name, origin and characteristics of the sorghum genotypes used in the experiments. 
Genotype Origin Characteristics 
QL12/B963676  Hybrid of B963676 and QL12 
Sureno   
QL12 Australia Early flowering source of stay-green drought resistance. 
A1*F_B963676/R931945-2-2 Australia Hybrid of two lines included in the experiment. High stay-green. 
R931945-2-2 Australia Elite low-tillering stay-green parent. 
FF_B010054 Australia High yielding senescent female inbred line. 
B923296 Australia Elite stay-green, heat sensitive, narrow root angle parent DAF breeding 
program. 
B963676 Australia Good heat tolerance, wide root angle, widely used commercial female. 
Mr Buster Australia High-tillering standard commercial check hybrid 
LR9198 China Elite male parent from Liaoning Province in China. 
BTx642 (B35) Ethiopia Highly stay-green, low tillering, partially converted durra landrace. 
SC170-6-8 Ethiopia High tillering, heat sensitive, wide root angle, partly converted caudatum 
line. 
FF_SC35-14E Ethiopia via USA Short, early conversion of Ethiopian line that donates major stay-green 
drought resistance genes. 
NIL6078-1 Sorghum breeding program Line containing a stay-green QTL (Stg1) introgression in a RTx7000 
background. 
NIL2219-3 Sorghum breeding program Line containing a stay-green QTL (Stg2) introgression in a RTx7000 
background. 
NIL2290-19 Sorghum breeding program Line containing a stay-green QTL (Stg3) introgression in a RTx7000 
background. 
NIL6085-9 Sorghum breeding program Line containing a stay-green QTL (Stg4) introgression in a senescent 
background. 
A1*F_B010054/F5_R07536-22-1-2 Sorghum breeding program Hybrid. 
A1*F_B010054/F4_R08512-79 Sorghum breeding program Hybrid. 
A1*F_B010054/F9_R04377-31 Sorghum breeding program Hybrid. 
A1*F_B010054/F4_R07528-91-1-1 Sorghum breeding program Hybrid. 
A1*F_B010054/F5_R08341-8 Sorghum breeding program Hybrid. 
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A1*F_B010054/F4_R08512-35 Sorghum breeding program Hybrid. 
RTAM422 USA Early male parent lacking in stay-green drought resistance, has midge 
resistance. 
RTx7000 USA Early hybrid parent lacking in stay-green drought resistance. 
FF_RTx430 USA Yellow endosperm. Widely used as parent commercially in the USA. 
Karper 669 USA and Sudan An elite line from early breeding work and used as a parent in breeding 
program. 
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3.3.2 Experimental details 
Experiment 1 (EXPT 1) was conducted in early spring and summer (September-December 
2015), whereas Experiment 2 (EXPT 2) was conducted during late summer and autumn (January-
March 2016). In both experiments, individual plants were grown in industrial plastic bins that had a 
capacity of ca. 60L. This was twice the size of the recommended size limit of 30 L, below which 
lysimeter size affects dry mass partitioning to shoot and root in sorghum (Yang et al., 2010). Hence, 
the ability of this system to grow plants in large-size lysimeters with no negative effect on root 
growth is important for total TE estimates that include root mass. 
Lysimeters were filled with black vertisol from a farm near Dalby, Darling Downs in south-
east Queensland. The soil was representative of typical soil types found in the sorghum- growing 
area of north-eastern Australia. Lysimeters were each filled to a consistent weight of 49 kg, and 
supplied with ca. 42g of Osmocote Plus slow release fertiliser (16%N, 3.5%P, 10%K), which was 
added in six evenly distributed layers. Lime and dolomite were added with the osmocote to 
minimise symptoms of calcium deficiency. Prior to filling, each lysimeter was lined with a plastic 
bag to facilitate removal of soil at harvest. A 30 cm PVC tube with a volume of 750 ml was 
embedded vertically into the soil of each lysimeter to facilitate application of water into the soil. 
Surface evaporation from lysimeters was minimised by covering the soil surface with a plastic sheet 
that had slits cut in the centre to allow seedlings to grow out, but that were small enough to have 
negligible contribution to evaporation.  
Each lysimeter was placed on its own individual load cell. These load cells were mounted on 
trolleys that had two rows of four load cells each, placed at an equal distance of about 0.5 m. The 
load cells weighed the lysimeters every minute, and every 10 minutes, the average weight of each 
lysimeter was automatically recorded. Watering of lysimeters was also fully automated and was 
triggered as soon as the weight of a lysimeter dropped below a target value. An amount of 250 ml of 
water was applied automatically each time via a flexible pipe that fed into PVC access tube. The 
target weight was determined to be slightly below the weight of the lysimeter when its soil was at 
drained upper limit (DUL), to prevent water logging, in case the water was not distributed evenly 
throughout the soil. The amount of water contained in a sample from the soil near the top of a free-
draining reference lysimeter (without plastic bags) that was filled with soil, watered, covered and 
then left to drain allowed us to calculate the weight of dry soil in each lysimeter at DUL.  
Experiments were sown on 2nd October 2015 (EXPT 1) and 22nd February 2016 (EXPT 2). 
In both experiments, five seeds were sown in each lysimeter. Emerged seedlings were thinned to 
three seedlings per lysimeter at ten days after sowing (DAS) and then to one seedling at 15 DAS. In 
addition to the Osmocote applied to the soil at filling, Thrive water soluble fertiliser (25%N, 5%P, 
31 
 
8.8%K) was also added to the watering tubes at a rate of one teaspoon every fortnight to ensure that 
nutrients were not limiting plant growth. The experimental design was a randomised complete 
block, with two replications, where each replication included a lysimeter without a plant to measure 
background evaporation.  In both experiments, all plants were harvested on the same day. This was 
around early to mid-grain filling in EXPT 1 and around anthesis (flowering) in EXPT 2. Anthesis 
was taken as the date when 50% of the flowers on the main shoot panicle had produced anthers. 
Insect pest control was undertaken occasionally to ensure no outbreaks occurred. To minimise 
symptoms of calcium deficiency, a solution of 0.3% calcium nitrate (Ca(NO3)2) was sprayed into 
the leaf whorl of each axis on a daily basis, and one teaspoon of (Ca(NO3)2) was added into the 
PVC watering pipe once every fortnight.   
3.3.3 Environmental conditions 
Environmental records, including temperature, relative humidity, and radiation, were 
obtained from a weather station located in the centre of the shade house. Weather records were 
logged every 10 minutes. In addition, six temperature probes were located above the experiment. 
Vapour pressure deficit (VPD) was calculated from the seven temperature probes and the single 
humidity sensor using the equation of (Rosenberg et al., 1983). Temperature probes were used to 
control the exhaust fans placed in the gables on either end of the shade house that facilitated air 
circulation and maintained temperature and relative humidity inside the shade house relatively close 
to ambient.  
3.3.4 Total plant leaf area measurements 
The number of fully expanded leaves was noted twice a week for every plant in both 
experiments. A leaf was counted as fully expanded when its ligule was visible above that of the 
previous leaf. Tillers were also counted and were numbered in accordance to the leaf axil from 
which they appeared.  
Length of each leaf, from the ligule to the leaf-tip, and width (at the widest part) of each 
fully expanded leaf was measured. Individual leaf area was the product of leaf length, leaf width, 
and a correction factor, which was taken as the slope of the regression (forced through the origin) of 
observed area of individual leaves (measured with a LICOR 3100) versus the product of observed 
length and leaf width of individual leaves, from both main shoots and tillers. Using observations 
from plants from a range of experiments, the correction factor was 0.635 (n=181, R2=0.979) for flag 
leaves and 0.71 (n=1708, R2=0.993) for all other leaves (van Oosterom et al., 2011). For each day 
that leaf numbers were counted, the total leaf area for each plant was calculated from the number of 
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fully expanded leaves on each axis and individual leaf area. The area of leaves that were still 
expanding was estimated based on results by Muchow and Carberry (1990), who observed that this 
leaf area is equal to the fully expanded area of next 1.6 sequential leaves to expand. Green leaf area 
per plant was estimated by reducing total leaf area per plant with the area of senesced leaves. Daily 
leaf area per plant was obtained through linear interpolation of the data calculated for days on which 
fully expanded leaf number was counted.  
3.3.5 Estimates of biomass and transpiration rates 
At harvest, plants were cut below the base of the stem and fresh shoot weight of each plant 
was taken after attached soil was rinsed off. Shoots were partitioned into green leaves, dead leaves, 
stem (including sheath) and panicle, main shoots and tillers separately. Roots were washed out from 
the soil onto metal screens that allowed soil to run-off and captured roots that may have broken off. 
Shoot and root dry mass of each plant were determined after drying in a fan-forced dehydrator at 
60-70°C for at least 48 hours. Shoot dry mass was calculated as the sum of all aboveground plant 
parts and total dry mass as the sum of shoot and root dry mass.  
Transpiration rates per plant were automatically calculated every ten minutes from the 
decline in lysimeter weight and the amount of water added. These data were also used to calculate 
hourly and daily transpiration rates per plant. Total transpiration of each plant throughout the 
experiment was calculated as the sum of daily water use, adjusted for fresh shoot mass and dry root 
mass at harvest and the average change in weight of the reference lysimeters.  
3.3.6 Leaf gas exchange measurements 
 The maximum photosynthetic rate (Amax) of 27 genotypes was measured using a CIRAS-3 
portable photosynthetic apparatus (PP Systems, USA). We defined Amax as the net carbon 
assimilation rate of the upper most fully expanded leaf at constant high light intensities provided by 
a LED light source. Depending on external radiation conditions, we chose either 1500 or 1800 µmol 
PAR quanta m-2 s-1. The cuvette of the CIRAS-3 encloses 4 cm2 of leaf area and we kept CO2 
concentration in the reference air at 390 ± 20 µmol mol-1. Temperature inside the chamber was set 
to match ambient temperature in the shade house.  
 To capture maximum photosynthetic rate, measurements were usually carried out between 
9:00 am and 1:30 pm on predominantly sunny days, using the upper most fully expanded sun-lit 
leaf of the main shoot for each plant in replicate 1 (27 genotypes) of EXPT 1. For each repetition 
(run), one measurement per leaf was taken for each genotype and generally, two repetitions could 
be completed within the available time frame. Data that were affected by intermittent clouds (<800 
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µmol m-2 s-2 for ambient Photosynthetically Active Radiation) were omitted from further analysis as 
the plants probably had generally down regulated their photosynthetic activity. Genotypic values for 
Amax were taken as the average of readings taken from 42 days after sowing (DAS) till 60 DAS, 
which was around anthesis.  This was because average maximum photosynthesis rates (Amax) for 
the upper most fully expanded leaves showed a significant decline beyond 60 DAS, probably 
because changes in plant growth rates or source-sink relationships may have downregulated 
photosynthesis. There were no significant differences observed between Amax values taken at 1500 
µmol PAR quanta m-2 s-1 and 1800 µmol PAR quanta m-2 s-1 of light intensity, hence, average Amax 
was calculated as the average of all measurements up to 60 DAS (up to 10 readings per genotype). 
3.3.7 Leaf conductance measurements using Porometer 
 Leaf-level flux of water vapour was measured with a porometer (Model SC-1, Decagon 
Devices Inc., USA). Although the CIRAS-3 IRGA also measured leaf conductance, the ease-of-use 
of the porometer allowed for quicker measurements, which made this the preferred option to 
measure diurnal patterns for leaf conductance. The porometer estimates stomatal conductance as the 
vapour flux from the portion of leaf enclosed inside the porometer chamber to the environment. 
Measurements of flux were performed on clear sunny days only, because it tended to be influenced 
by environmental conditions, particularly atmospheric vapour pressure deficit (VPD) and radiation. 
Measurements were taken continuously from 7:30 am to 5:00 pm on two consecutive cloudless 
days, and from 9:00 am to 12:00 pm on another with a cloudless morning. The upper most fully 
expanded sun-lit leaf on the main shoot was used for each of the 27 plants in Replicate 1, in both 
experiments. Two measurements of flux were taken per leaf, one on each side of the mid-rib. 
Measurement of all 27 plants took around 1 hour, and a total of nine series of measurements were 
done on each of the two cloudless days, and three series on the day with a cloudless morning. For 
each of the flux data (average of two readings), the exact timing of the readings was recorded and 
VPD and radiation at that moment were estimated through interpolation of the temperature, 
humidity and radiation data that were recorded every 10 minutes.  
3.3.8 Measurement of surrogate traits (SPAD) 
 The SPAD chlorophyll meter (SPAD-502, Minolta, Japan) provides a unit-free value of the 
relative amounts of chlorophyll in the leaves (Devi et al., 2011), which is highly correlated with the 
amount of nitrogen per unit leaf area (van Oosterom et al., 2010a). SPAD measurements were taken 
on the top five fully expanded main shoot leaves of each plant in both replicates of each experiment, 
excluding flag leaves, and each measurement was the mean of six individual readings, three on each 
34 
 
site of the mid-rib. Specific leaf Nitrogen (SLN) was estimated from average SPAD chlorophyll 
values (van Oosterom et al., 2010a). 
3.3.9 Data analysis and interpretation 
Plant-level transpiration efficiency (TE) was calculated as the ratio of biomass of the plant 
(B) and total water transpired (T), and was calculated using both shoot dry mass (TEshoot) and total 
(root and shoot) dry mass (TEwhole plant). The root weight ratio is the ratio between root and total dry 
mass was calculated as a measure of biomass partitioning. At the plant level, TE can be divided into 
its components of biomass per unit green leaf area (B/GLA) and transpiration per unit green leaf 
area (T/GLA), which represent photosynthetic capacity and leaf flux/conductance, respectively. 
However, because all plants within an experiment were harvested on the same day, genotypic 
differences in phenology were found to affect the values of B/GLA and T/GLA, with early 
genotypes likely to have higher ratios than late genotypes. To account for differences in phenology, 
we assumed that between full flag leaf emergence and the start of grain filling, which occurs around 
four days after anthesis, the tall genotypes with two dwarfing genes (2-dwarf) allocated around 27% 
of biomass produced to its panicle, while the short genotypes with three dwarfing genes (3-dwarf)  
allocated 69% of its biomass to the panicle  (van Oosterom and Hammer, 2008). Hence, biomass at 
the flag leaf stage of each plant was estimated by subtracting the estimated panicle dry mass from 
the total biomass at harvest. for all plants in EXPT 2, which were harvested a few days after the first 
plants had reached anthesis. However, in EXPT 1, only 11 plants could be used to calculate biomass 
and transpiration at flag leaf because all other plants had flowered more than nine days prior to 
harvest. Total transpiration at flag leaf was estimated from calculated biomass at flag leaf and TE 
total, based on the assumption that development after anthesis had a limited effect on TE value. 
To explore the response of daily transpiration rates to VPD throughout each experiment, 
daily transpiration for each plant was adjusted for plant size by dividing transpiration rates by the 
green leaf area for that day (T/GLA). The daily maximum VPD value for each day was used in 
further analyses of daily data. Days with prolonged periods of missing records that could have 
affected records of maximum VPD were excluded, as were days early in the experiment, when plant 
size and water use were too small for accurate estimates of T/GLA. The diurnal response of 
transpiration to VPD and radiation was analysed using hourly data on transpiration and was 
obtained by combining six 10-minute data points. 
TEwhole plant, TEshoot, root weight ratio and leaf flux data were analysed using SAS 9.4 (SAS, 
2013). Analyses of variance were conducted using the GLM procedure, whereas broken stick non-
linear regressions were conducted using the NLIN procedure, While maximum photosynthesis 
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(Amax) and correlation tests (Pearson’s product-momentum correlation, P-value) were done using 
R studio (R Core Team, 2016).   
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Table 3.2 Analysis of variance of TEwhole plant, TEshoot and root weight ratio across the two experiments.  
Source of 
Variation 
Degrees of 
Freedom 
TEwhole plant TEshoot  Root 
weight 
ratio 
Experiment 1 *** ns *** 
Genotype 26 *** *** *** 
Genotype x 
Experiment 
26 * * * 
ns, *, *** indicate not significant (P>0.10), P<0.05, P<0.001, respectively. 
 
3.4 Results 
3.4.1 Genotypic variation in TE at plant level 
The TEshoot ranged from 4.6-8.0 g kg
-1 in both experiments. Significant genotypic 
(P<0.001) differences in TEshoot effects were observed across the two experiments (Table 3.2).  
However, no significant effect of experiment was observed and the genotype × experiment 
interaction was significant but weak (P<0.05, Table 3.2). In both experiments, 
A1*F_B010054/F4_R08512-35, B963676 and Sureno had high TEshoot and QL12, Karper669, 
NIL2219-3 had low TEshoot (Fig. 3.1). The genotypic differences in TEshoot may have been a result 
of the genotypic differences in biomass allocation to roots (Table 3.2), because the root weight 
ratio was significantly negatively related to TEshoot in both experiments (Fig. 3.2) (R
2= 0.55, 
P<0.001 for EXPT 1, R2= 0.26, P<0.01 for EXPT 2). The high TEshoot of 
A1*F_B010054/F4_R08512-35 and B963676 was associated with low root weight ratio in both 
experiments, whereas Sureno had low relative biomass allocation to roots in EXPT 2. In contrast, 
the low TEshoot of QL12 and Karper669 was associated with high root weight ratio in both 
experiments whereas NIL2219-3 had high root weight ratio in EXPT 1. In contrast, R931945-2-2 
and B923296 consistently had high and low root weight ratio respectively, yet had average TEshoot 
in EXPT 2.  
Inclusion of roots in the calculation of TE considerably reduced the association between 
TEshoot and root weight ratio (Fig. 3.3). For TEwhole plant, the association with root weight ratio was 
only weakly significant in EXPT 1 (R2= 0.21, P<0.05), but not significant in EXPT 2 (R2= 0.02). 
Nonetheless, inclusion of roots had relatively little effect on the ranking of genotypes for TE, as 
the Spearman rank correlation was highly significant (r=0.93, P<0.001 for EXPT 1; r=0.86, 
P<0.0001 for EXPT 2). In addition, the association between TEshoot and TEwhole plant was highly 
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significant (R2=0.91, n=27, P<0.0001), if data for TEwhole plant and TEshoot were averaged across the 
two experiments. Genotypes NIL2219-3, QL12, and NIL6078-1 had low TEwhole plant in both 
experiments and the lowest average TEwhole plant, whereas Karper669, RTAM422, and NIL2290-19 
also had low TEwhole plant. On the other hand, Sureno and A1*F_B010054/F4_R08512-35 had the 
highest TEwholeplant in both experiments, whereas SC170-6-8, A1*F_B010054/F5_R08341-8, 
A1*F_B010054/F4_R07528-91-1-1, and B963676 also had high TEwhole plant in both experiments.   
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(b)   
 
 
Figure 3.1. Genotypic variation in TEwhole plant (g kg-1) (black bars) and TEshoot (g kg-1) (grey bars) 
under well-watered conditions in EXPT 1 (a) and EXPT 2 (b) (data sorted for TEwhole plant). Bars show 
means (n=2) ± SD for individual genotypes. Means with the same letter are not significantly different.   
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(a) 
 
 
(b) 
 
 
 
Figure 3.2. Relationship between TEshoot (g kg-1) and root weight ratio for EXPT 1 (a) and EXPT 2 
(b). Data points are means (n=2) per genotype. Error bars show SD of mean.  
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(a) 
 
 
(b) 
 
Figure 3.3. TEwhole plant (g kg-1) as a function of root weight ratio for EXPT 1 (a) and EXPT 2 (b). Data 
are means (n=2) per genotype.  Error bars show SD of mean.  
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3.4.2 Dissection of TE into whole-plant components of biomass/green leaf area 
(B/GLA) and transpiration/green leaf area (T/GLA) 
TEwhole plant had a strong negative correlation with transpiration per unit green leaf area 
(T/GLA) at the flag leaf stage, which is a surrogate for leaf-level conductance. In EXPT 1, where 
we could estimate biomass at anthesis for only 11 genotypes, most of the variation for TEwhole plant 
could be explained by differences in T/GLA (R2=0.76, n=11, P<0.001, Fig. 3.4a). In EXPT 2, this 
relationship was not as strong, but still significant (R2= 0.34, n=27, P<0.01, Fig. 3.4b). Residual 
values from the regression between TEwhole plant and T/GLA at flag leaf were positively correlated 
with biomass per unit green leaf area (B/GLA) at flag leaf for EXPT 2 (R2=0.44, Fig. 3.5). This 
indicates that nearly half of the genotypic variation in TEwhole plant in EXPT 2 that could not be 
explained by T/GLA, could be explained by differences in B/GLA, which is a whole-plant level 
surrogate for leaf-level photosynthetic capacity.   
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(b) 
 
Figure 3.4. TEwhole plant (g kg-1) as a function of transpiration per unit green leaf area (T/GLA) (kg m-2) 
at flag leaf for EXPT 1 (a) and EXPT 2 (b). Data are means (n=2) per different genotype. Error bars 
show SD of mean.  
 
 
 
Figure 3.5. Relationship between biomass per unit green leaf area (B/GLA) (g m-2) and the TE 
residuals from regressions of TEwhole plant against T/GLA at flag leaf for EXPT 2. Data are means (n=2) 
for different genotypes. Error bars show SD of mean.    
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3.4.3 Daily transpiration/green leaf area response to maximum daily VPD 
(plant-level) 
Daily maximum VPD ranged from around 1 kPa to over 4 kPa in both experiments (Fig. 
3.6). For the range of VPD observed, daily T/GLA increased linearly with daily maximum VPD and 
a common regression could be fitted across the two experiments (Fig. 3.6). This indicates that the 
response of transpiration rate to VPD was on average consistent across experiments and days within 
each experiment.  
Genotypes showed consistent differences in their response of daily T/GLA to maximum 
daily VPD (Fig. 3.7). For three genotypes with high TE, the slope of the relationship in EXPT 1 
was significantly lower (P<0.01) than for three genotypes with high TE. In EXPT 2 the trend was 
similar, although the slopes were not significantly different (Fig. 3.7). Therefore, genotypic 
differences in TE could at least partly be explained by genotypic differences in the response of daily 
T/GLA to daily maximum VPD.   
 
  
Figure 3.6. Relationship between daily average transpiration/green leaf area (T/GLA) (kg m-2) 
averaged across 54 well-watered plants and daily maximum vapour pressure deficit (VPD) (kPa) for 
EXPT 1 (○) and EXPT 2 (●). Days when plants were still very small or when VPD > 5kPa or with 
missing records for VPD were excluded.   
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(a) 
 
 
(b) 
 
Figure 3.7. Relationship between daily average transpiration/green leaf area (T/GLA) (kg m-2) and 
maximum vapour pressure deficit (kPa) for EXPT 1 (a) and EXPT 2 (b). (●) indicates low TE 
genotypes, namely Karper669, QL12, NIL2219-3. (○) indicates high TE genotypes, which were 
A1*F_B010054/ F4_R08512-35, SC170-6-8, Sureno. Days when plants were still small or when VPD 
> 5kPa or with missing records for VPD are excluded.   
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3.4.4 Diurnal response of plant-level transpiration/green leaf area (plant-level) 
to VPD and radiation 
To explore the environmental control of T/GLA and the ensuing genotypic differences in 
more detail, we looked at the diurnal patterns of T/GLA. We focused on data from 19 and 20 
November 2015, as these were two days with cloudless skies and high maximum daily VPD, for 
which we also had detailed data on the water vapour flux through the stomata. Hourly data, 
averaged across all plants and both days were used in the analyses (Fig. 3.8). 
The diurnal pattern of T/GLA closely followed the diurnal trend for VPD until early 
afternoon, when maximum VPD was reached (Fig. 3.8a). Averaged across all genotypes, T/GLA 
increased with increasing VPD, although there was breakpoint in the relationship at VPD of 2.02 
kPa (Fig. 3.8b). Below the break point, transpiration rate increased with increasing VPD at a rate of 
101.7 g m-2 h-1 kPa-1, whereas above the breakpoint, the slope of the transpiration response to VPD 
decreased to 54.9 g m-2 h-1 kPa-1 (Fig. 3.8b). During the second part of the afternoon, however, 
T/GLA declined at a much more rapid rate than VPD (Fig. 3.8a). In fact, the decline in T/GLA 
during this period was closely related to the decline in incident radiation (Fig. 3.8c).  
For the genotypes with high or low TE selected in Fig. 3.7, the diurnal T/GLA pattern (Fig. 
3.9a) showed differences that were consistent with the differences in the daily transpiration 
responses to VPD (Fig. 3.7). Averaged across two days (19-20 November 2015), the three low TE 
genotypes had a maximum transpiration rate of ca. 370 g m-2 h-1, whereas for the high TE 
genotypes, the peak was ca. 280 g m-2 h-1 (Fig. 3.9a). Both bilinear regressions intercepted the x-
axis at around 0.22-0.26 kPa, and had comparable breakpoint (2.33 kPa and 2.39 kPa for low TE 
and high TE genotypes, respectively) (Fig. 3.9b). The average T/GLA of genotypes with high TE 
was around 0.71 of that of the three genotypes with low TE for the period (R2=0.98, n=9 for 
regression fixed through the origin).  
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(a) 
 
 
 
 (b) 
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 (c) 
 
Figure 3.8. Hourly transpiration/green leaf area (T/GLA) (g m-2 h-1) (○), vapour pressure deficit 
(VPD) (kPa) (●), and radiation (MJ m-2 h-1) (■), averaged across all plants (T/GLA) and two dates (19 
and 20 November 2015) in EXPT 1 between 6:00 am and 6:00 pm (a).  Relationship between hourly 
T/GLA and hourly VPD for the period between 6:00 am and 2:00 pm. Break point in T/GLA occurred 
at VPD of 2.02 kPa. Slope of the regression is 102 g m-2 h-1 kPa-1 below the breakpoint and 54 g m-2 h-
1 kPa-1 above the breakpoint (b). Relationship between hourly T/GLA and hourly radiation for the 
period between 2:00 pm and 6:00 pm (c). Panels b and c use same data as panel a. 
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(a) 
 
 
(b) 
 
Figure 3.9.  Relationship between hourly transpiration/green leaf area (T/GLA) (g m-2 h-1) as a 
function of time (a) and vapour pressure deficit (kPa) until 2 pm (b) during two days (19 and 20 Nov) 
with cloudless skies in EXPT 1. Data are averaged across two days and three genotypes with low TE 
(●, Karper669, QL12, NIL2219-3) and three with high TE (○, A1*F_B010054/F4_R08512-35, 
SC170-6-8, Sureno). 
     Regression equations for (b): 
Low TE: R2=0.997, n=9 
Transpiration rate= -26.8 + 120.3*VPD if VPD<2.33 kPa 
Transpiration rate= 155.7 + 42.0*VPD if VPD≥2.33 kPa 
High TE: R2=0.996, n=9 
Transpiration rate= -20.3 + 78.1*VPD if VPD<2.39 kPa 
Transpiration rate= 69.2 + 40.7*VPD if VPD≥2.39 kPa 
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3.4.5 Association between plant-level transpiration rates and water vapour flux 
through stomata 
The good associations between plant-level transpiration rates and environmental conditions 
justified a more detailed exploration of transpiration rates at the stomatal level. Hence, we 
compared plant-level transpiration rates (T/GLA) to the flux of water vapour through the stomata, 
which represents a point measurement in both time and space.  
The flux of water vapour through the stomata showed a similar diurnal pattern as hourly 
T/GLA on 19 and 20 November 2015 (Fig. 3.10a.). Both measurements peaked early afternoon on 
both days. The highest average water vapour flux was 533 and 543 mmol m-2 s-1 respectively for 19 
and 20 November, and maximum T/GLA was 344 and 354 g m-2h-1 respectively for these two days. 
Using data across seven different days in EXPT 1 showed that plant-level hourly T/GLA 
corresponded well with leaf-level flux of water vapour through the stomata (R2=0.87, n=33,        
Fig. 3.10b).   
 
(a) 
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(b) 
 
Figure 3.10. Diurnal response of transpiration rates and stomatal water vapour flux throughout two 
days (a).  Each data point is an average of water vapour flux across 27 genotypes for each hour and the 
corresponding transpiration rate. Relationship between transpiration/green leaf area (T/GLA) (g m-2 h-
1) and flux of water from stomata (mmol m-2 s-1) (b). Data points are means of 27 genotypes from 
replication 1 across seven different days in EXPT 1.    
 
Averaged across all genotypes, the water vapour flux through the stomata was a linear 
function of VPD for data until early afternoon, although there was some suggestion of a breakpoint 
around 4 kPa (Fig. 3.11). The linear relationship is consistent with the response of T/GLA to VPD 
(Fig. 3.8), although the breakpoint around a VPD of 2 kPa could not be detected for water vapour 
flux, probably because the breakpoint was at the edge of the range in VPD for which flux data were 
available.   
During the second half of the afternoon, the water vapour flux declined rapidly (Fig. 3.10). 
Although this decline was linearly associated with declining radiation (R2=0.93, n=8), the decline 
also appeared to be linked to declining stomatal conductance, which was estimated by adjusting the 
water vapour flux for VPD (Fig. 3.12). For the two days for which complete diurnal data on water 
vapour flux were available (19 and 20 November 2015), stomatal conductance was relatively 
constant until early afternoon, but declined linearly with time from around 1 pm onwards (Fig. 
3.12).  
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Figure 3.11. Flux of water vapour through the stomata versus vapour pressure deficit (VPD). Each 
data point is the mean of 27 plants (genotypes) and data include observations until around 2:30 pm 
across three days (19th, 20th of Nov and 11th of Dec) with cloudless skies.  Closed symbol is an outlier 
that has been excluded from the analysis.  
Regression: if VPD< 4.08 kPa: flux = -48.1 + 139.2*VPD 
Else: flux=519 mmol m-2 s-1. R2=0.97 
 
 
 
Figure 3.12. Diurnal stomatal conductance (adjusted for vapour pressure deficit) (mmol m-2 s-1 kPa-1) 
for 19th Nov (○) and 20th Nov (●) in response to time of day.  Each data point is a mean of all 27 plants 
in replicate 1.  
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3.4.6 Effects of leaf-level transpiration and photosynthetic rate on TE 
Significant genotypic variation in maximum photosynthetic rate was observed among the 
sorghum genotypes used in this study (P< 0.05) (Fig. 3.13). On average, B923296, Tx7000 and 
three hybrids with B010054 had a maximum photosynthetic rate that exceeded the average by one 
standard deviation, whereas Sureno, QL12, SC170-6-8, NIL2290-19, BTx642, and one hybrid with 
B010054 had maximum photosynthetic rates that were more than one standard deviation less than 
the average. However, Tukey test for pairwise comparisons did not pick up any significant 
differences. Nonetheless, when genotypes were grouped into high (mean + 1SD), medium, and low 
(mean – 1SD) photosynthesis, the differences in Amax for the three groups were highly significant 
(P<0.001), but G differences within groups were not significant. Tukey test for pairwise 
comparisons also showed significant differences amongst the 3 groups (high, medium, low) for 
pairwise comparisons. 
In order to link TE total to leaf-level measurements of water vapour flux, we estimated the 
flux at a VPD of 3 kPa for each genotype using the data from Fig. 3.11. For all individual 
genotypes, the bilinear relationship between vapour flux and VPD was highly significant, with the 
minimum R2=0.52 (n=16, P=0.008) and the average R2=0.74. Results showed that genotypes with 
high TE total had below average water vapour flux at VPD=3 kPa, whereas genotypes with high 
flux generally had average TEwhole plant (Fig. 3.14). For a given water vapour flux, genotypes with 
low photosynthetic capacity tended to have relatively low TEwhole plant, whereas genotypes with high 
photosynthetic capacity tended to have high TEwhole plant (Fig. 3.14).  
Specific leaf nitrogen (SLN), estimated from the SPAD chlorophyll measurements, was not 
associated with maximum photosynthesis (Fig. 3.15). This was mainly because SLN values were 
well above the critical value of 1 g m-2, below which SLN can adversely affect maximum 
photosynthetic rates. Because the genotypic values for Amax in our study were comparable to those 
previously reported for sorghum by (Muchow and Sinclair, 1994) in Gainesville (FL, USA), our 
data fitted onto the plateau of the asymptotic relationship between Amax and SLN reported by 
(Muchow and Sinclair, 1994) (Fig. 3.15).   
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Figure 3.13. Variation in maximum photosynthesis (Amax) for each genotype across different DAS 
under well-watered conditions. Each data is the mean (± SE, n=10) per genotype, sorted in ascending 
order. Black bars indicate high Amax genotypes (mean + 1SD), grey bars indicate low Amax 
genotypes (mean-1SD).  
 
 
Figure 3.14. Relationship between TEwhole plant for EXPT 1 (g kg-1) and average hourly transpiration 
per unit green leaf area (g m-2 h-1) for 19 and 20 Nov. High and low Amax genotypes selected based 
on mean and SD (± 1 SD of mean Amax), respectively (refer to Fig. 3.13).   
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Figure 3.15.  Maximum photosynthesis (Amax) for EXPT 1 as a function of Specific Leaf Area 
(SLN), superimposed on photosynthesis and SLN relationship by (Muchow and Sinclair, 1994). Data 
are means for maximum photosynthesis ± SE (n=10) per genotype.  
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3.5 Discussion 
This study identified significant genotypic differences in TEwhole plant across 27 sorghum 
genotypes.  Genotypes with high TEwhole plant tended to have lower plant-level transpiration rates per 
unit green leaf area (T/GLA) at a given VPD than genotypes with low TE. Photosynthetic capacity 
could explain some of the genotypic differences in TEwhole plant that were not captured by T/GLA. 
Diurnal patterns of plant-level T/GLA were representative of leaf-level measurements of the water 
vapour flux through the stomata. Genotypic differences in water vapour flux and photosynthesis 
rate could explain some of the observed differences in TE. Results imply that genotypic differences 
in TE could be explained through several different underlying physiological pathways. Further 
research is required to link the current results to the underpinning genetic control.  
 
3.5.1 Genotypic differences in root:shoot biomass partitioning had limited effect 
on TE ranking 
Significant genotypic differences in TEshoot and TEwhole plant of sorghum have been reported 
previously (Hammer et al., 1997; Vadez et al., 2011),(Mortlock and Hammer, 1999; Xin et al., 2009). 
In general, the observed differences were consistent with previous experiments conducted under well-
watered conditions. At the lower end of the TE range, our results were consistent with previously 
reported low values for a number of genotypes, including QL12 (Kulathunga, 2013; Mortlock and 
Hammer, 1999), TAM422 (Hammer et al., 1997; Kulathunga, 2013), and Tx7000 (Balota et al., 2008; 
Kulathunga, 2013). Similarly, some of the high TE values observed here have been reported before, 
including B963676 (Kulathunga, 2013). This agreement with previously published data on TE 
supported the results of the ANOVA (Table 3.2) that under well-watered conditions, genotypic 
differences in TE are generally more important than G×E interactions.  
Genotypic differences in TEshoot could partly be explained as a consequence of genotypic 
differences in root weight ratio, but inclusion of roots had only little effect on the genotype ranking 
for TE. We used large lysimeters (ca. 60L) to enable plants to be grown until flowering without 
having potential artificial effects on root:shoot biomass partitioning (Yang et al., 2010). The 
significant genotypic differences in root total biomass ratio allocation (Table 3.2) indicate that 
exclusion of roots can have consistent genotypic effects in the calculation of TE. Importantly, the 
consistently high relative biomass allocation to roots across the two experiments for QL12 and 
R931945-2-2, and the consistently low values for B963676 confirmed results of Kulathunga (2013). 
Nonetheless, these consistent genotypic differences in relative dry mass allocation to roots had limited 
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effects on the ranking of genotypes for TE, in particular at the extremes of the observed range. A 
similar result was reported by (Xin et al., 2009). This implies that TEshoot can be successfully used to 
identify genotypes with high or low TEwhole plant. Thus, in high-throughput phenotyping systems, 
estimating TE using shoot biomass only provides reliable data to breeders and is cost effective, as it 
avoids labour intensive extraction of roots from soil.   
3.5.2 Environment effects on plant-level transpiration rates were generic across 
experiments 
In order to compare the results of this study with those of other studies, it is important that 
the observed responses of transpiration rates to environmental conditions could be interpreted in a 
generic manner that would allow extrapolation of results to other environmental conditions. The 
dependency of transpiration rates to vapour pressure deficit (VPD) is well documented for a range 
of crops, including sorghum (Gholipoor et al., 2010), pearl millet (Kholová et al., 2010b), maize 
(Choudhary et al., 2014; Gholipoor et al., 2013), and soybean (Sadok and Sinclair, 2009) and 
accounts for the decline in TE under high VPD conditions (Kemanian et al., 2005). The slope of the 
response of hourly transpiration rate to VPD (Fig. 3.8b) below the breakpoint was 102 g m-2 h-1 kPa-
1 or 28.3 mg m-2 s-1 kPa-1. This is at the higher end of the range for individual sorghum genotypes 
reported by Gholipoor et al. (2010). Moreover, the response of daily T/GLA to maximum daily 
VPD, averaged across all genotypes, was consistent across the two experiments and across days 
within each experiment (Fig. 3.7).  This shows that the study produced generic T/GLA responses to 
VPD.  
However, during the afternoon, T/GLA was determined by factors other than only VPD, as 
T/GLA declined rapidly whereas VPD remained relatively high (Fig. 3.8a). This was similar to the 
response in the sorghum simulation study reported by Sinclair et al. (2005), but in contrast to 
response observed for pearl millet in a glasshouse (Kholová et al., 2010b), where VPD was the 
main determinant of transpiration rates throughout the day. The strong association between T/GLA 
and radiation levels in the afternoon (Fig. 3.8c) imply that the reduction in T/GLA in the afternoon 
was a response to radiation limitation. Indeed, it has been suggested that when radiation is limiting 
photosynthesis, stomata might close to avoid water loss during inefficient CO2 assimilation 
(Farquhar and Sharkey, 1982; Lambers et al., 2008). This was supported by the linear decline of 
water vapour flux through the stomata with time, adjusted for VPD (Fig. 3.12), which provides an 
estimate of stomatal conductance (actual aperture). If this reduction in stomatal conductance 
(aperture) accounts for the rapid decline in T/GLA in the afternoon, then the relationship between 
T/GLA and VPD will only hold if stomatal aperture is constant, as was likely the case in the pearl 
millet study of Kholová et al. (2010b).  
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It is unlikely that stomatal closure was solely a response to radiation levels, as it happened 
during a time of the day (early afternoon), when radiation levels exceeded those measured early in 
the morning (Fig. 3.8a), when stomata were still fully open (Fig. 3.12). Alternatively, stomatal 
closure and the subsequent decline in transpiration rate may have been associated with conductivity 
linked to limited hydraulic conductance within leaves (Brodribb and Holbrook, 2004; Sinclair et al., 
2008) and roots (Monteith, 1988) in response to high evaporative demands. This limitation maybe 
linked to restriction of diameter or dysfunction within xylem vessels, during high evaporative 
demand (Brodribb and Holbrook, 2004; Passioura, 1972). Furthermore, the plant hormone abscisic 
acid (ABA), has been associated with stomatal regulation limiting water loss from leaves, which 
conserved water in the soil profile for later development stages in pearl millet (Kholová et al., 
2010b). However, the role of ABA in stomatal regulation still remains unclear, as some studies have 
linked it to embolism repair and maintenance of stomatal closure, particularly under intermittent 
drought stress (Tombesi et al., 2015). Hence, transpiration limitations might be a consequence of 
plant hydraulic controls, hormonal signalling that is species-specific or a response to radiation 
limitation. 
 
3.5.3 Genotypic differences in TE were linked to differences in transpiration 
rates 
Transpiration efficiency is a trait that is mostly measured at the plant level, yet is the result 
of physiological processes occurring at the leaf level. In order to link TE to its underpinning 
physiological processes in a biologically functional manner, it is thus important that plant-level 
observations are representative of organ-level processes. Our results showed a high correlation 
between plant-level hourly transpiration rates and leaf-level instantaneous fluxes of water vapour 
through the stomata (Fig. 3.10) The close relationship between leaf flux measurements and 
transpiration rates at the plant level in our study demonstrates that plant-level data adequately 
captures leaf-level physiological processes, highlighting that processes at different levels of 
organisation are tightly linked. This justifies an analysis of the dissection of TE into its component 
traits.  
Genotypes with high TE had lower daily T/GLA than those with low TE (Fig. 3.7) and 
differences were present throughout the day, irrespective of VPD (Fig. 3.9). Genotypic differences 
in the response of T/GLA to VPD have been reported in several crops, including soybean (Sadok 
and Sinclair, 2009), pearl millet (Kholová et al., 2010b), maize (Choudhary et al., 2014; Gholipoor 
et al., 2013) and sorghum (Gholipoor et al., 2010), and can be associated with differences in the 
response, both, below and above the breakpoint. This genotypic variation in transpiration rate has 
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been linked to differences in stomatal response to high VPD (Jackson et al., 2016; Medina and 
Gilbert, 2015; Ryan et al., 2016b; Vadez et al., 2014; Vadez and Ratnakumar, 2016; Yang et al., 
2012) and is reportedly linked to crop TE (Mortlock and Hammer, 1999; Sinclair et al., 2005; 
Vadez and Ratnakumar, 2016). Limited transpiration can enable soil water conservation for later 
growth stages, particularly during post-anthesis and grain filling stages. This can increase grain 
yields under terminal drought stress and in environments where evaporation from soil is limited, as 
has been shown for simulation studies in both maize (Messina et al., 2015) and sorghum (Sinclair et 
al., 2005). Because the differences in T/GLA were closely associated with differences in water 
vapour flux through the stomata (Fig. 3.10), it is likely that the lower T/GLA and restricted water 
vapour flux are associated with a lower number of stomates or decreased stomatal aperture. Our 
results showed genotypic variation in transpiration response to VPD.  Thus, transpiration response 
to VPD can be assessed to screen for TE in genotypes and further research should be undertaken to 
identify mechanisms associated with these transpiration limitations to breed sorghum lines adapted 
for high VPD and arid environments (Vadez et al., 2014).  
 
3.5.4 Genotypic variation in photosynthetic rate can explain some of the 
differences in TE among genotypes with similar transpiration rates 
Some of the variation in TE that could not be explained by transpiration rates could be 
explained by variation in photosynthetic rate (Figs. 3.5, 3.14).  For a given rate of water use, 
genotypes with a high photosynthetic rate tended to have relatively high TE, whereas those with 
low photosynthetic rates tended to have low TE (Fig. 3.14). These results are similar to studies that 
linked genotypic variation in TE to photosynthesis differences (Balota et al., 2008; Peng and Krieg, 
1992; Virgona and Farquhar, 1996; Xin et al., 2009). As these differences are independent of rates 
of gas exchange occurring at the stomata, they might indicate a more efficient conversion of CO2 
into biomass through changes in the biochemical pathways, such as enhanced Rubisco activity 
(Parry et al., 2011; von Caemmerer and Furbank, 2016). Because this pathway to achieve high TE 
does not rely on restricting gas exchange and hence, uptake of CO2 into the substomatal cavity of 
the leaves, it is likely that this pathway can increase TE under well-watered conditions without 
negative implications on biomass production (Peng and Krieg, 1992; Virgona and Farquhar, 1996).  
Increases in crop yields have been linked to increased biomass production (Richards, 2000). 
Thus, improving crop yields under well-watered and moderately water-limited conditions might be 
possible using variation in photosynthesis. However, the association between photosynthesis and 
TE might be affected by ontology (Kidambi et al., 1990; Krieg and Hutmacher, 1986). We observed 
a sharp decline in photosynthesis after 60 DAS, which may have been linked to a switch from high 
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photosynthetic capacity to a period of maintenance in some genotypes. Also, the post-anthesis and 
grain-filling stage might trigger the onset of cellular deterioration, causing loss of proteins and 
enzymes, as was reported for soybean (Wittenbach et al., 1980). This may mean that TE differences 
driven by increased photosynthetic rate may be limited to the pre-anthesis period.  
 
3.5.5 Implications for breeding 
Even in a relatively small set of genotypes as included in our study, the underlying 
mechanisms leading to overall TE differences varied. High TE was either a result of reduced 
stomatal conductance, or increased photosynthetic capacity. These mechanisms have contrasting 
implications on crop growth and hence, on environmental adaptation. Reducing stomatal 
conductance will reduce water use. Although such water saving strategies generally increases grain 
yield under drought (Gholipoor et al., 2010; Messina et al., 2015; Sinclair et al., 2005), the 
reduction in gas exchange can reduce photosynthesis and hence, biomass production. In 
environments, where water is not limiting growth, this generally reduces grain yield (Messina et al., 
2015; Sinclair et al., 2005). Conversely, increasing TE through more efficient assimilation of CO2 
is likely to increase grain yield under well-watered conditions, when biomass production is 
radiation limited (Hammer et al., 2010). However, as the increased biomass production will 
increase demand for water, this mechanism is likely to have a yield penalty under drought stress, 
when pre-anthesis reduction in water use is critical for increasing grain yield (Sinclair et al., 2005). 
Hence, it will be advisable to select either of these mechanisms depending on the predominant 
drought stress patterns of the target environments, where the crop is grown. Improving complex 
integrative traits, such as  TE via direct selection in field programs is often confounded by 
interactions between genetics, environmental effects and management practices (Hammer et al., 
2016). Understanding the mechanisms underlying such traits allows breeders to match selection 
efforts with target environments. 
Having quick and reliable screening methods enables breeders to screen large numbers of 
genotypes. Because the different mechanisms to increase TE have merit in contrasting 
environmental conditions, selecting for high TE per se, without any knowledge of the underpinning 
mechanism, is of little relevance to breeders. Hence, in programs aiming at improving grain yield 
under drought stress, screening of genotypes for differences in transpiration responses will be a 
useful mechanism to assess genotypic differences in TE. The LeasyScan (Vadez et al., 2015), which 
combines 3D imaging with lysimeters and environmental data for high-throughput phenotyping of 
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the response of T/GLA to VPD, provides a setup that addresses this issue by measuring this 
component trait instead of TE itself.   
Such a focus on the response of T/GLA to VPD also avoids the issue of whether or not to 
include roots in the measurements of TE. Our results indicated the presence of consistent and 
significant genotypic differences in root to total biomass allocation. However, including roots in TE 
calculations is not essential, as breeders are predominantly interested in genotype performance 
relative to other genotypes, and including root biomass did not significantly affect the overall TE 
ranking among sorghum genotypes. This is useful information for sorghum breeders, who seek to 
screen large numbers of genotypes for differences in TE. 
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CHAPTER 4 
4 Genotypic variation in transpiration efficiency (TE) and 
transpiration rates in responses to drought stress in 
sorghum 
 
4.1 Abstract 
Genotypic differences in transpiration efficiency (TE) are often measured under well-watered 
conditions, yet high TE is most beneficial to crop production under drought stress, when water 
availability limits growth. The aims of this study were to determine if (1) genotypic differences in 
TE under well-watered conditions are maintained under drought stress, and (2) genotypes differ in 
their response of transpiration rates to drought stress. Three (Exp1) or six (Exp2) genotypes of 
sorghum were grown in large lysimeters. Plants were grown under well-watered conditions until 18 
days after sowing (DAS), when different levels of Fraction of Transpirable Soil Water (FTSW) 
were implemented. Once the target FTSW was reached, it was maintained through automatic 
irrigations that maintained lysimeter weights at a constant weight for ca three weeks, after which 
plants were harvested. Water use of each plant was monitored continuously. The TE during drought 
stress and daily plant-level transpiration rates per unit green leaf area (T/GLA) were calculated and 
stomatal conductance in response to water deficit was measured on selected days. Genotypes 
differed significantly for TE in Exp2, but not in Exp1 and genotype ranking for TE was not affected 
by drought. Drought tended to increase TE in both experiments, but the effect was not significant. 
However, the response of transpiration rates to drought stress differed across genotypes, with some 
genotypes showing reduced T/GLA under drought when vapour pressure deficit was high, whereas 
others did not. These contrasting responses were associated with differences in stomatal responses 
to drought stress, such that some genotypes were better able to conserve water under drought stress 
than others. This adaptive response was not related to TE per se and may have important 
implications for adaption to drought stress.     
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4.2 Introduction 
Water limitation is a crucial factor affecting crop yield in rain-fed agricultural systems 
worldwide (Manschadi et al., 2006), with the magnitude of yield losses varying according to timing 
and severity of the water limitation and the water requirements of the crop species grown. Drought 
is defined as a period of lengthy dry conditions (Connor et al., 2011), and climate-change models 
predict that both severity and occurrence of droughts will increase in future, particularly in the 
semi-arid and arid regions (Schwabe et al., 2013). To maintain crop productivity under these 
conditions, or even increase current production to meet increasing demands for food (FAO, 2009), 
there is a need to breed dry-land crops that are better adapted to yielding under water-limitation.   
One such crop is sorghum, which is usually planted as a dry-land crop and often grows 
mainly on stored soil water from seasonal rainfall (Xin et al., 2009). This means that water-
limitation typically develops towards the end of the season, when subsoil moisture gets depleted. 
Since grain yield in rain-fed agriculture is closely linked to post-anthesis water use (Turner, 2004), 
sorghum grain yields may be affected by water limitation later in the growing season, with post-
anthesis drought reducing grain size (reduced assimilate supply during grain fill) and increasing 
stem lodging (re-localisation of assimilates from stems to grains) (Foulkes et al., 2011).  
Since crop growth and yield are determined by physiological processes and the acquisition 
of essential nutrients and water, productivity of biomass under drought is determined by 
transpiration rates and TE. Although biomass accumulation has been linked to cumulative 
transpiration (Hammer et al., 1997; Sinclair et al., 1984), increased soil water extraction by high 
rates of transpiration may reduce grain yield under drought, particularly if post-anthesis water 
availability is dependent on water stored in the subsoil. However, reduced rates of water use in 
young vegetative plants can extend the time taken for soil water supplies to be exhausted, which can 
increase the amount of water available to plants during grain filling and hence increase the 
photosynthetic capacity and grain yield via increased grain size (Borrell et al., 2000; Borrell et al., 
2006; Hammer et al., 1997; Ludlow and Muchow, 1990; Xin et al., 2009). At the leaf level, TE is 
related to the ratio of leaf CO2 exchange rate to the flux of water through the stomata (Condon et 
al., 2002). Hence, identifying variability among genotypes for TE and linking this to the underlying 
physiological traits, particularly under drought, can help identify traits that might be beneficial in 
water-limited environments. Previous research on plant TE in sorghum has been conducted under 
well-watered conditions except for a few notable studies, which reported increased TE under 
drought (Donatelli et al., 1992; Mortlock and Hammer, 1999). However, since stomatal aperture 
can affect both CO2 uptake and transpiration, even small effects of drought on TE might mask 
larger effects on transpiration rates and hence water saving strategies.  
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Previous work has suggested differences in TE to be linked to lowered transpiration rates, 
possibly through stomatal regulation in response to high vapour pressure deficient (VPD) and 
conserving water (Sinclair et al., 2005; Vadez et al., 2014; Vadez and Ratnakumar, 2016). It has 
been suggested that such restrictions on transpiration rates, particularly in response to VPD may 
benefit crop production during grain filling or under terminal drought (Belko et al., 2013; Kholová 
et al., 2010b; Sinclair et al., 2005; Vadez et al., 2014). The restricted transpiration rates lead to 
conservative use of soil water prior to anthesis, which allows plants to maintain a higher leaf water 
status later in the growing season, particularly during grain fill (Kholova and Vadez, 2012; 
Thompson et al., 2007; Vadez et al., 2013a). However, the underlying mechanisms leading to 
reduced transpiration response to VPD are still unclear. Earlier studies suggested leaf or root 
hydraulic limitations or both to be responsible for the rapid stomatal response under high VPD in 
sorghum (Choudhary et al., 2013; Ocheltree et al., 2014). It has also been hypothesised that reduced 
leaf conductance in sorghum was associated with differences in aquaporin populations, which are 
proteins that form water channels in the cell membrane (Choudhary and Sinclair, 2014). Increased 
abscisic acid (ABA) in roots in response to decreasing soil water content has been found to play a 
major role in reducing plant transpiration rates via reduced stomatal conductance (Tardieu et al., 
1992), while ABA in leaves has been suggested to be a consequence of a chemical signal to restrict 
water loss from stomata and maintain leaf water status, after which ABA biosynthesis stops (Dodd 
et al., 1996; Tardieu et al., 1992). Despite the recent technical advancements, the question whether 
hydraulic limitation is the primary cause of stomatal closure in leaves or hydraulic conductance is a 
consequence of stomatal closure regulated by hormones, remains. Thus, more studies are needed to 
assess the hydraulic and chemical signalling pathways regulating stomatal conductance in plants in 
response to VPD and soil drying. However, attempting to do this needs prior knowledge on 
sorghum crop varieties that either, reduce or continue transpiring in response to increasing VPD or 
drought.   
Subtle differences in leaf temperature in both field and controlled conditions can be detected 
using Infrared thermometry (IR) (Blum et al., 1982; Jones et al., 2009). Since higher transpiration 
rates lead to cooler leaves (Blum, 1988), IR can potentially be used as an indirect measure of 
stomatal conductance in plants. As it is a quick and easy measurement, it can provide useful 
information on either conservative or non-conservative water-use in plants. Several studies have 
investigated this with good results across a range of crops, including cowpeas (Belko et al., 2013), 
wheat (Ayeneh et al., 2002; Rodriguez et al., 2005), and grape vine, bean, and lupin (Grant et al., 
2006). Since differences in transpiration via stomatal sensitivity to high VPD or drought stress 
results in TE differences, IR may also be used to determine genotypic differences in TE. In a study 
with cowpeas, transpiration rates in response to high VPD were successfully estimated under well-
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watered conditions (Belko et al., 2013). Thus, IR may be a suitable proxy to study transpiration in 
response to VPD and allow us to screen sorghum genotypes for differences in TE under drought in 
addition to the usual measurement of TE under well-watered conditions. 
Hence, the aims of this study were to (1) assess if genotypic variation for TE under well-
watered conditions is representative of observed variation in TE under drought stress, (2) evaluate 
whether genotypic differences in the response of transpiration rates to VPD exist under drought 
stress, and (3) demonstrate the usefulness of IR thermometry for evaluating genotypic variation in 
transpiration rates under drought by using it as a proxy for stomatal conductance.  
 
4.3 Materials and Methods 
4.3.1 Germplasm used 
A subset of the 27 genotypes used in the well-watered experiments (Chapter 3) was used in 
these two dry-down experiments. The first experiment (Exp1) included three genotypes that 
differed in TEwhole plant in previous experiments (Chapter 3): B963676 (high TE), R931945-2-2 
(intermediate TE), and Tx7000 (low TE). The second experiment (Exp2) included the same three 
genotypes, plus three additional ones: B923296 (high TE), QL12 (low TE), and NIL2219-3 
(drought tolerant but unknown TE). All six genotypes are parents of mapping populations in the 
Australian sorghum pre-breeding program based at the Hermitage Research Facility in Warwick.  
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Table 4.1.  List of sorghum genotypes used in the experiment, with their origin, major characteristics 
and TE ranking.  
Genotype Origin Characteristics TE Rank 
B963676 Australia Good heat tolerance, wide root 
angle, widely used 
commercial female. 
High 
B923296 Australia Elite stay-green, heat 
sensitive, narrow root angle. 
Current parent in the DAF 
sorghum pre-breeding 
program. 
High 
Tx7000 U.S. (Milo x Kafir) Early, senescent (no stay-
green) and high-yielding 
hybrid. 
Low 
QL12 Australia Early flowering, source of 
yellow endosperm, some level 
of stay-green drought 
resistance. 
Low 
R931945-2-2 Australia Elite low-tillering, highly 
stay-green, parent in the DAF 
pre-breeding program. 
Medium 
NIL2219-3 (Tx7000 x BTx642) Near-isogenic to Tx7000 with 
a stay-green (Stg2) 
introgression. 
Unknown 
 
 
4.3.2 Experimental details 
 Experiment 1 (Exp1) was sown on 9 January 2015 and harvested on 15 March 2015 and was 
thus conducted during late summer and autumn. Experiment 2 (Exp2) was conducted during spring 
and early summer, with sowing on 2 October 2015 and harvest on 9 December 2015.  
In both experiments, individual plants were grown in lysimeters with a volume of ca. 60 L. 
This exceeded the volume of ca. 30 L, below which, lysimeter size can affect dry mass partitioning 
to roots in sorghum (Yang et al., 2010). Details of the physical setup of the lysimetry system have 
been provided in Chapter 3. In summary, lysimeters were lined with a plastic bag to facilitate 
removal of soil at harvest, and were filled to a constant weight of 49 kg with black vertisol from the 
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Darling Downs. During filling, 42g of Osmocote Plus slow release fertiliser (16%N, 3.5%P, 10%K) 
was added in six evenly distributed layers throughout the soil in each lysimeter. Lime and dolomite 
were added to each layer of Osmocote to minimise symptoms of calcium deficiency. A piece of 
PVC tube of about 30 cm with holes on the side was embedded into the soil of each lysimeter for 
application of water. The soil surface was covered with plastic sheets to minimise soil evaporation 
from the lysimeters. These plastic sheets had slits for seedlings to grow through.  
Each lysimeter was located on its own load cell and weights were monitored continuously. 
Every 10 minutes, the average weight of each lysimeter was recorded in a CSV file, along with 
weather records inside the shade house, including temperature, radiation, and relative humidity. As 
plants used water, lysimeter weights declined, and once the weight of a lysimeter dropped below a 
predetermined value, a fixed amount of water (ca. 250 ml) was added to that lysimeter through a 
PVC access tube. Water use per plant was calculated from the change in lysimeter weight and the 
amount of water added.  
Both experiments included three replications. Each replication contained four plants of each 
genotype that were grouped in a 2 × 2 grid. Hence, Exp1 contained 36 plants and Exp2 used 72 
plants.   
4.3.3 Implementation of drought stress 
Levels of drought stress in the experiment were quantified as the Fraction of Transpirable 
Soil Water (FTSW) available, which is calculated from the total transpirable soil water (TTSW) 
(Liu and Stutzel, 2002; Sinclair and Ludlow, 1986b). FTSW can be described as the measure of 
ratio of percentage of total amount of transpirable water left in the soil to TTSW (Sinclair and 
Ludlow, 1986b). The disadvantage of using FTSW is that the actual drought stress experienced by a 
plant at a certain FTSW will depend on plant size. However, the physiologically more appropriate 
Relative Transpiration (RT) index, which calculates transpiration under drought as a proportion of 
the transpiration under well-watered conditions, after accounting for plant size, has the disadvantage 
that it is highly dependent upon the daily vapour pressure deficit (VPD) and that it will change 
under prolonged drought stress, when growth rates of plants differ under different levels of drought 
stress. Because daily VPD at the experimental side can fluctuate largely and drought stress was 
implemented for ca. three weeks, FTSW was considered a more appropriate quantification of 
drought stress   
The TTSW in a lysimeter depends on the amount of dry soil, its drained upper limit (DUL), 
and its lower limit (LL).  To estimate the amount of dry soil in each lysimeter, the soil for each 
lysimeter was made homogenous in a cement mixer prior to filling, a soil sample was taken and wet 
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weight of the sample was measured directly. Samples were subsequently dried in oven at 105°C and 
dry weight determined. The soil water content (SWC) of the sample was estimated from the wet and 
dry soil weights. Combined with the wet soil in each lysimeter, the SWC allowed estimation of the 
dry soil weight. The DUL of the soil was estimated by over-watering a reference pot (without 
plastic bags and with holes in the bottom) and then letting it drain for a couple of weeks, while 
keeping the top of the soil covered. Because drainage is generally incomplete near the bottom of a 
container, two soil samples for DUL were taken near the top of each of three reference lysimeters. 
After samples for DUL were taken, LL was determined by growing sorghum plants in the three 
reference lysimeters, and plants were kept well-watered until close to the flag leaf stage, when 
water was withheld. Samples for LL were taken once plants had died and had used all available 
water. The LL was measured at three depths (top, middle and bottom) of each of the three reference 
lysimeters.  
Based on the TTSW that was calculated for each lysimeter, a target weight could be 
calculated to achieve a predetermined FTSW. Although this estimate does not take into account the 
fresh weight of each plant, these fresh weights (on average ca. 400 grams) are small compared to 
the overall weight of a lysimeter (on average 50-60 kg). In both experiments, plants were kept well-
watered until they were fully established. Once plants were sufficiently large, water was withheld 
until a predetermined target weight was reached. The onset of stress was staggered to account for 
differences in target FTSW and plant size, such that all plants reached their target FTSW around the 
same time. In both experiments, target FTSW was reached around 48-49 days after sowing, when 
the main shoot on average had 13 fully expanded leaves. At this stage, one of the four plants per 
genotype in each 2x2 grid within a replication was harvested. For the remaining plants, the weight 
of each lysimeter at the time of this first harvest was maintained, until these plants were harvested 
19 days later (16 March 2016 and 9 December 2016 for Exp1 and Exp2, respectively). This was 
achieved by adding around 250 ml of water every time the lysimeter weight dropped 125 grams 
below the weight at the time of the first harvest. As a consequence, each lysimeter had a constant 
FTSW for the 19 days between the first and second harvest.  
For the plants used for the second harvest, different levels of drought stress were 
implemented. In Exp1, in each group of three plants per genotype per replication, one plant was 
well-watered and two plants were drought stressed. However, the symptoms of drought stress were 
much more severe than was expected based on the FTSW that was implemented. This was most 
likely due to incomplete exploration of the lysimeter by the roots, resulting in uneven distribution of 
water, where roots were located in the dry upper part of the lysimeter, with a layer of wet soil 
towards the bottom. Hence, FTSW data were not used in Exp1. In Exp2, a different FTSW was 
implemented for each of the nine plants per genotype used in the second harvest (three plants for 
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each of three replications). The FTSW ranged from around 65% to 84% and treatments were 
classified into no drought stress, minor drought stress, and mild drought stress, which represented 
the three treatments with the highest, intermediate, and lowest FTSW respectively. In each rep, each 
genotype had one plant representing each of the three classes.       
4.3.4 Total plant leaf area measurements 
The number of fully expanded leaves was noted twice a week for every plant in both 
experiments. A leaf was classed as fully expanded when its ligule was visible above that of the 
previous leaf. Tillers were also counted and were labelled with a permanent marker pen according 
to the leaf axil on which it appeared. A leaf was classed as senesced if less than 50% of its area was 
green.  
The size of each leaf was measured non-destructively and a product of its length (from the 
ligule to its tip), its maximum width and a leaf shape scaling factor of 0.71 (0.635 for flag leaf) (van 
Oosterom et al., 2011). The total leaf area per plant was estimated from individual leaf size and the 
number of fully expanded leaves. The area of expanding leaves was assumed to equal the fully 
expanded area of the next 1.6 sequential leaves to expand, such that if there were seven fully 
expanded leaves, the area of the expanding leaves equalled the fully expanded area of Leaf 8 and 
60% of that of Leaf 9 (Muchow and Carberry, 1990). Daily green leaf area per plant was estimated 
by reducing total leaf area per plant by the area of senesced leaves.  
 
4.3.5 Transpiration rate and stomatal conductance measurements 
Whole-plant transpiration rates and stomatal conductance, or the flux of water through the 
stomata, are important components of TE at the plant and leaf level respectively. Plant-level data on 
cumulative transpiration were downloaded to a CSV file at 10 minute intervals. These data were 
calculated from changes in lysimeters weights and the amount of water added to each lysimeter.  In 
addition, hourly rates of water use per plant were downloaded to a separate CSV file. These data 
allowed estimation of both hourly and daily transpiration rates, which were adjusted for plant size 
by dividing transpiration rates by the amount green leaf area per plant for that day. This 
transpiration per unit green leaf area (T/GLA) provided a plant-level estimate of transpiration rates. 
Transpiration rates across genotypes and treatments were compared by plotting T/GLA against 
vapour pressure deficit (VPD), which was calculated from data on temperature and relative 
humidity that were recorded every 10 minutes.    
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Leaf-level transpiration rates were measured in Exp2 with a SC-1 porometer (Decagon 
Devices, Inc., Pullman, WA 99163, USA), which measures the water vapour flux through the 
stomates into an attached chamber for a small section of a leaf. The quoted accuracy of this 
instrument is ± 10% of a conductance reading. Two readings on each side of the mid-rib were taken 
on the upper most fully expanded sun-lit leaf and the average of the two readings was used in all 
analyses. Diurnal readings were conducted on 26 and 27 November 2016, when skies were 
cloudless. Stomatal conductance (flux), was measured on one no-drought stress treatment, and the 
three minor and mild drought stress treatments of three genotypes (B963676, NIL2219-3, and 
Tx7000), giving a total of 21 plants. One series of measurements on these plants took around 45 
minutes. Eight series of measurements were taken on 26 November and five on 27 November, 
giving a total of 13 series of diurnal measurements for 21 plants each. In addition, the remaining 51 
plants were included in the series taken in a time period of 2 hours around noon on both days and all 
72 plants were also measured around noon on 23 and 24 November. This yielded a set of four series 
of noon-time measurements for all 72 plants.   
4.3.6 Leaf temperature measurements 
 Leaf temperature can potentially be a surrogate for transpiration rates, as leaves that 
transpire more water are likely to be cooler than those that transpire less water. Leaf temperature 
was estimated from thermal images obtained using a Forward Looking Infra-Red (FLIR) camera 
(FLIR Systems, Inc. 27700 SW Parkway Avenue Wilsonville, USA), with an accuracy of ± 2° C. 
The images were taken on the upper most fully expanded sun-lit leaf of the plants in Exp2, along 
with the leaf conductance measurements described above. This allowed direct comparison of leaf 
temperature data with stomatal flux data. The emissivity of the camera was set at 0.95, based on the 
average emissivity given for all plants (Idso et al., 1969) and the background temperature was 
corrected three times during the day: early morning, near midday, and later in the afternoon. 
Because the orientation of the leaf to the incoming solar radiation plays an important role on the 
recorded leaf temperature, the camera was aimed at the horizontal part of the leaf at the cusp of the 
leaf arch. The camera was held perpendicular to the leaf, at a distance of 0.5m above the leaf 
surface. Leaf temperature data were analysed by calculating the difference with the ambient 
temperature at the time of the measurement:  
 
∆temperature = leaf temperature – ambient temperature                  (Equation 1) 
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4.3.7 Biomass harvest and calculation of TE under drought stress 
At the time of harvest, the shoot of each plant was cut off just below the soil surface, at the 
base of the stem, and shoot fresh weight was determined immediately. Shoots were partitioned into 
green leaves, dead leaves, stems (including sheath) and panicles for main shoots and all tillers 
combined. Roots were washed from the soil and dry mass of each plant fraction was obtained after 
drying at 60-70˚C in a fan-forced dehydrator for at least 48 hours. Shoot dry mass was taken as the 
sum of all above-ground plant parts and total dry mass as the sum of shoot and root dry mass.  
For plants that were harvested at the end of the stress period, estimation of their TE during 
the period of drought stress between the first and second harvests requires knowledge of their water 
use and biomass at the onset of drought stress (transpiration1 and biomass1, respectively at first 
harvest) and at the end of the drought stress (transpiration2 and biomass2, respectively at second 
harvest): 
 
 
Total transpiration water use of each plant at the onset and end of drought was available 
from the water use data that were recorded in the CSV file every 10 minutes. Values were adjusted 
for soil evaporation, which was minimal and estimated from two lysimeters without plants, and for 
fresh shoot mass and dry root mass obtained at harvest of each plant. Biomass at the onset of the 
drought period for each plant was estimated non-destructively from its cumulative transpiration and 
from the TE of the plant of the same genotype in the 2×2 grid for that replication.    
4.3.8 Analysis 
  Analysis of variance was conducted using SAS 9.4 (SAS, 2013) for TEwhole plant  and root 
weight ratio. Because of the severe stress experienced by drought-stressed plants in Exp1, the 
biomass and cumulative water use of the two stressed plants for each genotype in each replication 
were summed in order to calculate a weighted average TE for those two plants. Hence, the second 
harvest of that experiment was analysed as a split-plot design with genotypes as main plot and 
treatment (no drought vs drought stress) as subplots. In Exp2, treatments were classified as no 
drought, minor drought, and mild drought, such that the second harvest could be analysed as a split-
plot design with the six genotypes as main plots and the three treatments as subplot. 
 
TE drought = (biomass2 – biomass1) / (transpiration2 – transpiration 1) (Equation 2) 
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Table 4.2 Means (plus rank in parentheses) and ANOVA for TEwhole plant (g kg-1) and root weight ratio for six genotypes used in Exp2. The TE relates to the 
period between the first and second harvest. The root weight ratio represents root biomass relative to total biomass throughout the entire growth period.   
Genotype Drought treatment    
TEwhole plant  None (0.73)
1 Minor (0.59)1 Mild (0.54)1 Effect df P 
B923296 7.91 (2) 7.96 (3) 7.87 (3) Genotype (G) 5 0.0139 * 
B963676 7.56 (3) 8.25 (2) 8.65 (2) Treatment (T) 2 0.3379 ns 
NIL2219-3 6.94 (4) 6.98 (5) 7.87 (3) G×T 10 0.8812 ns 
QL12 6.72 (6) 6.61 (6) 6.85 (5)    
R931945-2-2 8.24 (1) 8.37 (1) 8.76 (1)    
Tx7000 6.92 (5) 7.57 (4) 6.80 (6)    
Mean  7.38  7.62  7.80    
Root weight ratio        
B923296 0.191 (5) 0.192 (5) 0.200 (5) Genotype (G) 5 0.0002 *** 
B963676 0.157 (6) 0.168 (6) 0.143 (6) Treatment (T) 2 0.0415 * 
NIL2219-3 0.244 (3) 0.245 (4) 0.266 (3) G×T 10 0.6376 ns 
QL12 0.275 (1) 0.334 (1) 0.326 (1)     
R931945-2-2 0.267 (2) 0.315 (2) 0.282 (2)    
Tx7000 0.222 (4) 0.274 (3) 0.246 (4)    
Mean 0.226 0.255 0.244    
1Values in parentheses are the FTSW, averaged across the 18 plants in that treatment. 
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Table 4.3 Means (plus rank in parentheses) and ANOVA for TEwhole plant (g kg-1) and root weight ratio for 
three genotypes used in Exp1. The TE relates to the period between the first and second harvest. The root 
weight ratio represents root relative to total biomass throughout the entire growth period. 
Genotypes Treatments     
TEwhole plant  Well-
watered 
Drought  Effect df P 
B963676 6.66 (1) 9.02 (1)  Genotype (G) 2 0.3201 ns 
R931945-2-2 6.46 (2) 6.90 (2)  Treatment (T) 1 0.1031 ns 
Tx7000 5.25 (3) 5.17 (3)  G×T 2 0.1630 ns 
Mean 6.12 7.03     
Root weight ratio         
B963676 0.199 (3) 0.246 (3)  Genotype (G) 2 0.0005 
*** 
R931945-2-2 0.320 (1) 0.359 (1)  Treatment (T) 1 0.0034 
** 
Tx7000 0.217 (2) 0.275 (2)  G×T 2 0.7417 ns 
Mean 0.245 0.293     
 
4.4 Results 
4.4.1 Genotype and drought effects on TE 
In Exp2, B923296, B963676, and R931945-2-2 consistently had the highest TEwhole plant in 
the first harvest and across the three drought treatments in the second harvest, whereas NIL2219-3, 
QL12, and Tx7000 consistently had lower TEwhole plant (Table 4.2). As a consequence, TEwhole plant 
varied significantly among sorghum genotypes (Table 4.2). Results in Exp1 showed a similar trend, 
with Tx7000 consistently having the lowest TE for the period between the first and second harvest 
(Table 4.3). However, these genotypic differences were not significant (Table 4.3).  
In both experiments, there was a trend for increased TEwhole plant under water-limited 
conditions, although this effect was not significant in either of the experiments (Table 4.2 and 4.3). 
In Exp1, this may have been associated with the observation that TE tended to be highest under 
moderate drought stress, but declined under extreme drought stress, where growth practically 
ceased (Fig. 4.1). Similarly, the genotype × treatment interaction was not significant in either 
experiment, although there was a consistent trend across both experiments that TE of B963676 was 
increased more under drought than TE of Tx7000 and R931945-2-2 (Table 4.2 and 4.3). 
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Figure 4.1. TEwhole plant between the first and second harvest in Exp1 as a function of the change in 
biomass during that period, relative to biomass at onset of drought stress (first harvest) for plants of 
the B963676 (○, ●), R931945-2-2 (, ), Tx7000 (□, ■), common across Exp1 (closed symbols) and 
Exp2 (open symbols). 
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4.4.2 Genotype and drought effects on root relative to shoot biomass  
Significant genotypic differences in root weight ratio (relative root to total biomass) were 
observed in Exp2 (Table 4.2) and Exp1 (Table 4.3) and differences were consistent across 
experiments and treatments. For the three genotypes included in both experiments, R931945-2-2 
had the highest root weight ratio, and B963676 the lowest, whereas Tx7000 was intermediate. In 
Exp2, QL12 had a root weight ratio similar to that observed for R931945-2-2, while NIL2219-3 had 
an intermediate value similar to Tx7000, and B923296 had low root weight ratio comparable to that 
observed for B963676.  
The effect of drought on root weight ratio was apparent through the significant increase in 
relative root biomass under drought stress compared to well-watered conditions in both experiments 
(Table 4.2 and 4.3). The increase was on average around 10% under the mild stress in Exp2, but in 
Exp1, where stress was more severe (Fig. 4.1), the increase was around 20%. However, because the 
root weight ratio at harvest included dry mass produced prior to the first harvest at the onset of 
drought stress, it is likely that the observed effects of drought on relative root mass was 
underestimated. The G×E interactions were non-significant, but there was a trend in Exp2 that mild 
drought stress increased root weight ratio of QL12, R931945-2-2, and Tx7000, but did not affect 
root weight ratio of B963676, B923296, and NIL2219-3 (Table 4.2). Under more severe drought 
stress in Exp1, however, the increase in root weight ratio was similar across the three genotypes 
used.  
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Figure 4.2. Relationship between transpiration per unit green leaf area (T/GLA) (kg m-2 day-1) and 
fraction of transpirable soil water (FTSW) in Exp2 for the six genotypes averaged for two days with 
high vapour pressure deficit (20 and 21 Nov 2015) during drought stress period.  
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4.4.3 Genotypic differences in response of transpiration rates to mild drought 
stress 
Despite the non-significant effect of mild drought stress (Exp2) on TE, there was a 
significant effect on transpiration rate per unit green leaf area (T/GLA). During two days with 
maximum VPD >5 kPa (20 and 21 November 2015) at the start of drought period, T/GLA declined 
with FTSW for B923296, B963676, and NIL2219-3, but not for QL12, R931945-2-2, and Tx7000 
(Fig. 4.2). The differences between the two groups were maintained when daily T/GLA was 
averaged across all days during the drought stress period between the first and second harvest, 
although the magnitude of the response of T/GLA to FTSW was less than half of the response 
during the two days with high maximum VPD (Fig. 4.3a). During the period prior to the first 
harvest, before the FTSW treatments were implemented, there was no pre-existing genotypic effect 
of lysimeters that were designated for a particular FTSW treatment on T/GLA in both groups of 
genotypes (Fig. 4.3b). This suggests that indeed the response of T/GLA to decreasing FTSW for the 
three genotypes was a consequence of drought stress during the experiment. 
 The difference in the magnitude of the response of T/GLA to FTSW for B923296, B963676, 
and NIL2219-3 between days with high VPD (Fig. 4.2) and the average across all days (Fig. 4.3) 
in Exp2 implies an effect of VPD on the magnitude of the response. To explore this further, for 
both groups of genotypes the average response of T/GLA to FTSW was calculated for each of 
the 19 days between the first and second harvest and plotted against the maximum VPD for that 
day (Fig. 4.4). Averaged across B923296, B963676, and NIL2219-3, the results showed a highly 
significant (R2=0.80, n=19, P<0.001) effect of maximum daily VPD on the  response of T/GLA 
to FTSW. This indicates that the magnitude of the decline in T/GLA under mild drought for 
these genotypes declined proportionally with maximum VPD, such that on days with low 
evaporative demand where the maximum VPD did not exceed 1 kPa, mild drought stress had no 
effect on the transpiration rate. For the other genotypes (QL12, R931945-2-2, Tx7000), 
transpiration rates were hardly affected by VPD, not even on days with high evaporative demand 
(Fig. 4.4). 
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(a) 
 
(b) 
 
Figure 4.3. Daily transpiration per unit green leaf area (T/GLA) (kg m-2 day-1) as a function of fraction 
of transpirable soil water (FTSW) in Exp2, averaged for B923296, B963676, NIL2219-03 (○) or 
QL12, R931945-2-2, Tx7000 (●). Data are averaged across all days during the 19-day period between 
the first and second harvest (a) or the well-watered period prior to the first harvest 1 (b).  For (b), the 
FTSW represents the FTSW that was implemented after the first harvest.  
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To assess the effects of VPD on these differences in response of transpiration rate to drought 
in more detail, we looked at the hourly transpiration rates between 6:00 am to 6:00 pm for days 
between the first and second harvest (Fig. 4.5). For plants grown under well-watered conditions, 
T/GLA for the two groups of genotypes increased similarly with VPD, with a breakpoint in the 
relationship around 2.5 kPa. An analysis of co-variance indicated that the sum of squares residual 
(SSR) of the common relationship across the two groups of genotypes (SSR=204739, df= 268) was 
not significantly greater than the ΣSSR of the two individual broken stick relationships 
(ΣSSR=194611, df=264), as the F-ratio was 1.04 (ns). Under mild stress, the response of T/GLA to 
VPD of QL12, R-931945-2-2, and Tx7000 was similar to the response under well-watered 
conditions, consistent with results of Fig. 4.4. For B923296, B963676, and NIL2219-3, in contrast, 
the response of T/GLA to VPD under drought, below the VPD breakpoint was similar to the 
response under well-watered conditions but a clear difference in the T/GLA was noted above the 
breakpoint, where T/GLA was nearly independent of VPD under drought stress and was thus, lower 
than T/GLA under well-watered conditions. Hence, consistent with the results of Fig. 4.4, the 
hourly transpiration data indicated that the decline in T/GLA under drought stress for B923296, 
B963676, and NIL2219-3 occurred predominantly under high VPD conditions. These responses 
across the two groups of genotypes were significantly different, because the F-ratio between the 
SSR of the common relationship across the two groups of genotypes (SSR=259347, df= 268) and 
the ΣSSR of the two individual broken stick relationships (ΣSSR=180504, df=264) was 1.42 
(P<0.05).          
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Figure 4.4. Relationship of the response of daily transpiration per unit green leaf area (T/GLA) to 
fraction of transpirable soil water (FTSW) and daily maximum VPD during the 19-day period between 
the first and second harvest. Data are averaged for B923296, B963676, NIL2219-03 (○) or QL12, 
R931945-2-2, Tx7000 (●).   
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(b) 
 
Figure 4.5. Hourly transpiration per unit green leaf area (T/GLA) (g m-2 h-1) as a function of hourly 
VPD for the period from 6:00 am. to 6:00 pm. for days between the first and second harvest, averaged 
for plants grown under no drought stress (a) and mild drought stress (b) for genotypes B963676, 
B923296, NIL2219-3 (○) and QL12, R931945-2-2, Tx7000 (●).  
 
Regression equations panel a 
combined across two groups (R2=0.93; n=272) 
Transpiration rate= -35.4 + 111.0*VPD if VPD<2.56 kPa 
Transpiration rate= 108.7 + 54.7*VPD if VPD≥2.56 kPa 
 
Regression equations panel b: 
Closed symbols (R2=0.94; n=136): 
Transpiration rate= -45.3 + 125.1*VPD if VPD<2.51 kPa 
Transpiration rate= 145.2 + 49.2*VPD if VPD≥2.51 kPa 
 
Open symbols (R2=0.93; n=136): 
Regression equations panel a (combined across two groups): 
Transpiration rate= -31.4 + 103.2*VPD if VPD<2.48 kPa 
Transpiration rate= 159.7 + 26.1*VPD if VPD≥2.48 kPa 
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4.4.4 Drought effect on leaf conductance and leaf temperature 
Under no or minor drought stress in Exp2, diurnal hourly T/GLA was positively associated 
with the instantaneous water vapour flux through the stomata (Fig. 4.6; R2=0.76, n=12, P<0.001). 
The relationship compared well with the one obtained for the well-watered experiment (Chapter 3) 
and the error sum of squares (ESS) of the combined regression was not significantly (P>0.05) 
greater than the ESS of the two individual regressions, indicating that the two relationships were not 
significantly different. Under mild drought stress the diurnal relationship between hourly T/GLA at 
the plant level and instantaneous water vapour flux through the stomata was weaker (Fig. 4.6) 
although still significant (R2=0.38 n=12, P<0.05).  
For measurements taken around noon on plants grown under mild stress (Exp2), reduced 
stomatal flux of water vapour increased leaf temperature relative to the ambient temperature (Fig. 
4.7; R2=0.66, n=6, P<0.05). Consistent with the response of T/GLA to FTSW, the genotypes that 
did not reduce T/GLA under mild drought stress (QL12, R-931945-2-2, Tx7000) tended to have 
higher mid-day water vapour flux and thus, cooler leaves than the genotypes that did reduce 
transpiration rates under mild drought stress (B923296, B963676, NIL2219-3). In particular, 
NIL2219-3, which had the strongest decline in T/GLA under mild drought stress (Fig. 4.2) also had 
lowest water vapour flux (Fig. 4.7). Interestingly, the three genotypes that reduced T/GLA under 
low FTSW (B923296, B963676, NIL2219-3, Fig. 2) had similar root weight ratio under minor/mild 
drought stress compared to no drought stress (Table 2), whereas the three genotypes for which 
T/GLA did not respond to FTSW (QL12, R-931945-2-2, Tx7000, Fig. 2), root weight ratio tended 
to increase under drought stress (Table 2). The relationship between these two parameters was 
significant when a bi-linear relationship was fitted to the data (Fig. 4.8, R2=0.92, n=6, P<0.05), 
indicating some threshold for in the transpiration rate response to FTSW above which the root 
weight ratio was not affected by drought stress.  
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Figure 4.6. Hourly transpiration per unit green leaf area at the plant level versus instantaneous water 
vapour flux through stomata for plants grown under no or minor drought stress (●○) or mild drought 
stress (+). Data represent diurnal observations across two days and are the means of four (●○) or three (+) 
treatments and three genotypes (B963676, NIL2219-3, Tx7000). Data from the well-watered experiment 
(□, see Chapter 3) are added for comparison. Open circle represents an outlier that was excluded from the 
regression.   
 
 
 
   
 
Figure 4.7. Leaf-to-air temperature difference as a function of water flux through the stomata for 
plants grown under mild water stress for genotypes that reduce transpiration rates under mild drought 
(○) and those that did not reduce transpiration rates under mild drought (●). Data taken around noon 
and are the means of measurements on three plants per genotype across four days (23, 24, 26, 27 
November 2016).   
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Figure 4.8. Difference in root weight ratio between the average of the well-watered treatments and 
the average of the minor and mild drought stress treatments in Exp2 (Table 4.2) versus the slope of 
the response of T/GLA to FTSW on days with high VPD (Fig. 4.2). Data points represent genotypes 
that reduce T/GLA to high VPD under mild drought (○) and genotypes that showed no decline in 
T/GLA to high VPD under mild drought (●). A more positive value for the x-axis indicates a stronger 
decline in T/GLA in response to declining FTSW. A more positive value for the y-axis indicates a 
greater root weight ratio under minor/mild drought stress than under no drought stress. 
 
 
4.5 Discussion 
Several traits related to plant growth and water use were employed to assess genotypic 
variations in TE and to evaluate the physiological responses of genotypes to drought stress and 
VPD differences. Our results highlighted trends towards increased TE under drought. However, 
genotypes differed in response of T/GLA under drought, particularly under high VPD. Genotypes 
that reduced T/GLA in response to drought tended to have lower water vapour flux through 
stomata, and tended not to increase root weight ratio much (increased root biomass allocation is a 
sign of stress). The reduction in T/GLA was not constitutive, as it did not happen under well-
watered conditions or low evaporative demand, and was indicative of supply limitations dependent 
on the rate of soil water extraction by roots.   
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4.5.1 Ranking of genotypes for TE was consistent under well-watered and 
water-limited conditions 
Our results showed a non-significant trend for increased TE under drought, with declines in 
TE under severe stress conditions. The trend for increased TE was consistent with significant 
increases in TE under drought reported for sorghum (Donatelli et al., 1992; Mortlock and Hammer, 
1999). Increased TE under drought has also been reported in other crops, including groundnut (Devi 
et al., 2011; Vadez and Ratnakumar, 2016), and cow pea (Ismail et al., 1994). Our results (Fig. 4.1) 
suggested that there was a relatively narrow range of stress levels at which TE would increase, as 
mild drought stress had limited effects on TE, whereas TE showed a sharp decline when drought 
stress was so severe that plants barely survived. In our ANOVA of Exp1, this decline in TE under 
severe drought stress may have offset the increase in TE under moderate drought stress, resulting in 
no net effect of drought on TE. A possible cause for the initial increase in TE is linked to the leaf-
level mechanism of stomatal conductance. Since uptake of CO2 into and diffusion of water vapour 
out of the leaves occurs through the stomata, it is this inevitable coupling of CO2 gas exchange and 
water vapour that influences TE (Condon et al., 2004; Lambers et al., 2008). Restrictions in 
stomatal conductance in response to supply limitations or drought, reduces the amount of water lost 
to the atmosphere more than it implicates uptake of CO2, especially in C4 plants, such as sorghum, 
that have a carbon concentrating mechanism. This increases the ratio of carbon gained per amount 
of water lost, which increases TE (Lambers et al., 2008). On the other hand, under severe drought 
stress, continual or severe restrictions in stomatal conductance severely implicates TE because of 
severe constraints on gas exchange that limits CO2 uptake, compromising photosynthesis and 
impeding further plant growth (Hammer et al., 2001; Monneveux and Ribaut, 2006a). Our data 
largely support the previous reports of increased TE under moderate levels of drought in sorghum 
and other crops.  
 In addition, the absence of significant Genotype × Treatment (G×T) interactions for TE 
observed in our experiments was consistent with results reported by (Balota et al., 2008; Mortlock 
and Hammer, 1999), and may partly be due to the relatively low degrees of freedom in both of our 
experiments. However, it is important to note that genotype rankings were consistent across 
experiments (Tables 4.2 and 4.3), whereby, in Exp2, B923296, B963676 and R931945-2-2 
consistently had the highest TE, while Tx7000, QL12, and NIL2219-3 had the lowest TE. G×T 
interactions are indicative of differences in responses among genotypes to environmental factors, 
such as vapour pressure deficit (VPD) and drought stress. In our experiment, consistent genotypic 
differences in transpiration per unit green leaf area (T/GLA) responses to drought was observed 
(Fig. 4.2), which was consistent with other reports, which reported differences in fraction of 
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transpirable soil water (FTSW) at which relative transpiration rate declined in genotypes (Belko et 
al., 2012; Kholová et al., 2010a). However, these differences appeared to have had little effect on 
genotype ranking for TE under drought stress compared to well-watered conditions. Thus, this 
specifies that phenotyping of TE in well-watered experiments should provide reliable information 
on genotypic differences in TE under drought.  
 
4.5.2 Reduced T/GLA under drought was likely a consequence of limited supply 
of water by roots 
Despite the absence of a clear effect of drought on TE and no significant G×T interaction on 
TE, our results indicate an apparent drought effect and genotype x drought interactions for 
transpiration per unit leaf area (T/GLA), which is a major component of TE (Impa et al., 2005; 
Kholová et al., 2010a; Mortlock and Hammer, 1999). In Exp2, three out of the six genotypes 
(B963676, NIL2219-3, B923296) reduced their T/GLA under drought stress (Fig. 4.2). Daily data 
highlighting that the magnitude of this response increased with daily maximum VPD (Fig. 4.4) 
were consistent with diurnal data that showed T/GLA was limited, particularly above a VPD 
threshold of around 2.5 kPa (Fig. 4.5). The observation that the magnitude of the decline in T/GLA 
increased with VPD (Fig. 4.4), when transpiration rates were highest (Fig. 4.5), suggests that this 
noted response of T/GLA was a consequence of water supply limitations, such that under drought 
stress, supply for these three genotypes (B923296, B963676, NIL2219-3) could meet demand of 
water under low VPD (overcast day), when demand was small, but not under high VPD (cloudless 
day), when demand was high. This indicates an unsustainable supply of water to meet the demands 
of the atmospheric deficit (Choudhary et al., 2014; Monteith, 1988). Such a supply limitation would 
be consistent with limitations in plant hydraulic conductivity, as was reported for maize and 
sorghum (Choudhary et al., 2014; Choudhary and Sinclair, 2014). 
The observation that there were no differences between genotypes in T/GLA response to 
VPD under well-watered conditions, indicates that the difference in T/GLA under drought is not 
constitutive. Therefore, even though the mechanism observed here is similar to the restricted 
transpiration rate that causes constitutive differences in TE (Chapter 3), the underpinning processes 
that cause these responses may differ for some genotypes.  One may hypothesise that the 
differences in threshold FTSW for change in transpiration via reduced stomatal conductance may be 
associated with mechanisms, such as (1) limitations in the capacity of roots for water uptake and (2) 
hormonal regulation of stomatal responses. Roots are the first point of interaction with the 
surrounding soil and plant water supply through movement of water within tissues to the xylem 
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vessels in the stele, or from the xylem (vascular bundles) into the leaves, occurs through either the 
cell-to-cell (symplastic, aquaporin), the apoplastic pathway (Steudle, 2000a, b) or a combination of 
both, depending on environmental factors (Steudle and Peterson, 1998). Thus, we can hypothesise 
that the responses of T/GLA to VPD under drought observed in our study may have been associated 
with the symplastic or apoplastic pathway for water movement in our genotypes, as has been 
suggested for pearl millet, where the apoplastic pathway was implicated in declines in transpiration 
in a drought-tolerant genotype compared to a greater role of symplastic water movement for a 
drought-sensitive genotype (Vadez, 2016). In addition, aquaporin, which are proteins that facilitate 
water movement in cells, may also play a role in the transpiration response to VPD or under 
drought. Aquaporin were suggested to increase the water movement in a pearl millet genotype that 
depended highly on the symplastic water movement pathway to maintain transpiration rates at high 
VPD (Vadez, 2016). This was supported by (Choudhary et al. (2013)), who suggested that the 
reduced leaf conductance of two sorghum genotypes used may be linked to differences in the 
aquaporin population and we further hypothesise that the decline in T/GLA response to VPD may 
have been a result of aquaporin inactivity. Additionally, several studies have also described a role 
for the hormone abscisic acid (ABA) in triggering transpiration responses. (Hose et al. (2000)) 
proposed that exogenous ABA affected the symplastic water pathway after the apoplastic pathway 
was excluded, particularly under drought. Similarly, (Dodd et al. (2006)) described a similar role 
for xylem ABA, which elicited a lowered leaf conductance as xylem ABA increased in 
concentration under drought stress relative to well-watered tomato plants. Since it seems unlikely 
that stomatal responses are controlled by a single mechanism, there is a possibility that both 
mechanisms function together to maintain high leaf water potential, and rapid stomatal closure 
might be a consequence of these two mechanisms, operating on different time scales (Tardieu and 
Davies, 1993). However, a clear understanding of root and leaf conductivity and demand-supply of 
water is still lacking, particularly in sorghum.  
 
4.5.3 Reduced transpiration rates under drought provides adaptation to 
drought 
Reductions in T/GLA under drought stress is a useful drought adaptation as it can potentially 
contribute to more conservative water use, enabling increased availability of water for crop growth 
and development at later stages, with the potential for increased yield (under low evaporative 
conditions) (Kholová et al., 2010a). Because this strategy also restricts transpiration rates under 
high VPD, particularly when TE is low (Kemanian et al., 2005) and water use is less efficient, it is 
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likely to increase TE under drought (Mortlock and Hammer, 1999; Sinclair et al., 2005). Although 
in our experiments, there was no significant G×T interaction for TE, there was a trend towards 
increased TE in genotypes that reduced T/GLA under drought compared to genotypes that did not. 
This association was consistent across experiments for the three genotypes included in both, Exp1 
and Exp2, as the difference in TE between well-watered and drought stressed treatments tended to 
be greater for B963676 than for R931945-2-2 and Tx7000 (Tables 4.2 and 4.3). Our results are 
consistent with those reported for cowpeas, where TE decline under high VPD conditions was 
relatively less in drought-tolerant genotypes than drought-sensitive ones (Belko et al., 2012). 
Hence, the decline in T/GLA to VPD might be a genotype specific adaptive response to late-season 
drought stress (Hammer, 2006) to maximise the amount of water saved for grain filling, which was 
only evident in a number of genotypes. 
The reduction in transpiration rate was not necessarily related to increased TE under well-
watered conditions, as illustrated by the contrast between Tx7000 and NIL2219-3, which is a near-
isogenic line (NIL) of Tx7000 that carries the stay-green Stg2 QTL (Borrell et al., 2014a; Borrell et 
al., 2014b). Stg2 is linked to increased post-anthesis water availability and grain yield under 
associated with fewer tillers and smaller leaves leading to a reduced pre-anthesis canopy (Borrell et 
al., 2014b). In previous studies, Stg2 had a high stomatal index (SI) and a high rate of transpiration 
per unit leaf area (Borrell et al., 2014a). Our results demonstrated that NIL2219-3 and Tx7000 had 
contrasting responses of T/GLA under drought stress (Fig. 4.2), even though NIL2219-3 had a low 
TE relative to Tx7000 (Chapter 3). Thus, this result is consistent with our hypothesis that the 
mechanism, which determines the genotypic differences in responses of T/GLA to drought, differs 
from the mechanisms that determine the constitutive variations in TE observed under well-watered 
conditions. Hence, this can make phenotyping for this genotype specific adaptive response difficult, 
as a simple screen for TE under well-watered conditions may be inadequate to capture this response 
across all sorghum genotypes. 
However, our data further shows that genotypes that reduced transpiration rates under 
drought tended to have a lower flux of water vapour through the stomata in comparison to the 
genotypes that do not restrict transpiration rates, and as a result had slightly hotter leaves around 
noon, which may be linked to partial reduction in the size of stomatal aperture on the leaf surface 
(Rodriguez et al., 2005). Infrared (IR) measurement of leaf temperatures has been used as a 
surrogate trait for high-throughput phenotyping of transpiration rate and stomatal responses in many 
crops, including  cowpeas (Belko et al., 2013), rice (Jones et al., 2009) and wheat (Blum et al., 
1982). A screen of diurnal IR leaf temperatures under drought could thus, provide a means to screen 
for transpiration rates under drought and this could be a valuable addition to screening for TE under 
well-watered conditions.          
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4.5.4 Is increased root-shoot partitioning under drought a consequence of 
T/GLA?  
The root weight ratio increased under drought stress in our experiments (Tables 4.2 and 4.3). 
An increase in dry mass allocation to roots under drought (declining FTSW) can be attributed to a 
lack of above-ground sink availability, which can cause excess assimilates to be allocated to the 
roots. For example, in sorghum, van Oosterom et al. (2011) reported an increase in root and shoot 
ratio if grain number per plant under drought dropped below a threshold. In Exp2, the genotypes 
with the greatest increase in allocation to roots under minor/mild drought stress relative to well-
watered conditions were also those that did not reduce their T/GLA under drought stress in response 
to high VPD, namely, QL12, R931945-2-2, Tx7000 (Table 4.2) (Fig. 4.2). The observation that this 
relationship between the two parameters was significant when a bi-linear relationship was fitted to 
the data (Fig. 4.8, R2=0.92, n=6, P<0.05), indicates that root weight ratio increased once the 
response of T/GLA to FTSW dropped below a threshold. These genotypic differences in response 
of relative root dry mass allocation to drought may be explained as a consequence of the response 
of T/GLA to drought. The observation that mild drought stress in Exp2 did not significantly affect 
TE, despite a significant decline in T/GLA in some genotypes, implies a reduction in photosynthetic 
rates that might be a consequence of a reduction in gas exchange in response to reduced stomatal 
conductance. Limited photosynthetic rates reduce the amount of assimilates produced, and hence, 
decrease the availability of excess assimilates that could be stored in the roots of these genotypes. 
Hence, the root weight ratio data support the hypothesis that reduced T/GLA was associated with 
stomatal conductance (Fig. 4.6). 
Under more severe stress in Exp1, the increase in root weight ratio was relatively similar 
across the genotypes (Table 4.3). Within the context of Fig. 4.8, this could possibly mean that 
reduction in T/GLA to drought was more similar across genotypes in Exp1, further highlighting that 
genotypes may differ in the FTSW at which the transpiration rate begins to decline, causing a 
difference under mild drought stress only, but not under moderate level of stress. This was 
consistent with studies in pearl millet, which reported that threshold FTSW values at which relative 
transpiration among genotypes declined ranged from 0.49 to 0.30, with a higher threshold observed 
for the genotype that showed no clear decline in transpiration rate in response to drought (Kholová 
et al., 2010a). Hence, further studies are needed to determine the range for threshold FTSW at 
which T/GLA was reduced among the sorghum genotypes used in this experiment. Hence, further 
studies are needed to quantify the threshold FTSW at which T/GLA was reduced among sorghum 
genotypes available in the breeding program, as reduced transpiration rates under drought could 
represent a useful drought adaptation strategy.  
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4.6 Conclusion 
Genotypic differences and VPD conditions affected water use and biomass production 
among sorghum genotypes used. There was a trend towards increased TE under drought stress but 
little effect was evident on ranking of genotypes. Nonetheless, genotypes differed in their responses 
of T/GLA to VPD, particularly under drought conditions, with this response likely to be associated 
with differences in stomatal responses. The reduced-transpiration response to high VPD under 
drought would be beneficial for improving drought adaptation, as it can enhance TE and elicit water 
saving mechanisms that increase water availability during the post-anthesis development stage. 
However, for genotypes that show an adaptive rather than a constitutive response, this response 
might not be easily phenotyped under well-watered conditions. Thus, different techniques such as 
thermal imaging, which are quick, but accurate enough to reliably screen large sets of genotypes for 
variation in transpiration responses at different time points and under different conditions might be 
useful to further elucidate when this reduced-transpiration response to high VPD under drought 
comes into play and how it affects TE.   
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CHAPTER 5 
5 Review of Findings and Concluding Remarks 
5.1 Background and Objectives 
The changing global climate is creating highly variable and extreme weather conditions that 
can have negative impacts on the production of staple food, such as cereal crops (Skuras and 
Psaltopoulos, 2012). In order to cope with this climate variability, traits that endow more efficient 
and conservative use of soil water during weather extremes associated with low water availability, 
such as droughts, are required. Transpiration efficiency (TE, biomass produced per unit of water 
used) is an important component of drought adaptation in cereals, and its responses to changes in 
growing environments are crucial to grain yield under increased climate variability. It is necessary 
to understand the key physiological mechanisms that underpin genotypic variation in TE, and 
expression of TE under water-limited environments, in order to utilise TE to improve productivity 
across different growing environments. Two main physiological components that determine 
genotypic variation in TE are photosynthetic capacity, which determines biomass production, and 
flux of water vapour through the stomata, which determines transpiration. Under rain-fed 
conditions,  the importance of low transpiration rates as a driver of high TE provides a possible 
means to reduce pre-anthesis water use in order to increase post-anthesis water use and hence, grain 
yield has been highlighted in numerous studies (Hammer et al., 1997; Mortlock and Hammer, 1999; 
Sinclair et al., 2005; Vadez et al., 2014; Vadez et al., 2011; van Oosterom et al., 2011). However, 
the relative importance of the underlying physiological mechanisms that determine high TE were 
previously still unclear, and particularly the different responses of these traits under drought needed 
further investigations. Previous increases in crop production and yields resulted largely from 
improvements in harvest index in crops rather than biomass, but now the opportunity to increase 
yields may result from biomass productivity (Parry et al., 2011). Since high TE is beneficial to crop 
yields mostly under water-limitations (Mortlock and Hammer, 1999), development of crop cultivars 
with traits specifically adapted to water-limited environments can benefit biomass production and 
harvestable grain.  
Therefore, the broad aim of this research was to develop a better understanding of the 
genotypic and environment effects on TE and linking this to the key physiological mechanisms that 
determines this variation in TE. This was achieved by (1) characterising genetic variation in TE and 
associated physiological traits in sorghum genotypes of diversified origin and types, (2) analysing 
transpiration responses to environmental factors, and (3) comparing expression of TE under drought 
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relative to well-watered conditions and assessing whether differences in transpiration rates occur in 
response to mild drought.  
 
5.2 Role of Leaf Photosynthesis and Stomatal Conductance in 
Determining Genotypic Variation in whole-plant TE in 
Sorghum  
Chapter 3 focussed on characterising genotypic variation in TE and associated physiological 
traits in a diverse set of sorghum germplasm, grown under well-watered conditions. The aim was to 
explore the genotypic variation in TE in the genotypes used and link the underlying physiological 
mechanisms to these genotypic variations in TE. This study utilised the automated lysimetry 
platform to continuously measure plant water use and environment data. Results demonstrated the 
presence of genotypic variation in TE in the sorghum germplasm, and further indicated that 
variation in TE was associated mainly with genotypic differences in the response of transpiration 
rates to vapour pressure deficit (VPD). Genotypes with low transpiration rates tended to have high 
TE. In addition, variation in photosynthetic capacity explained some of the differences in TE that 
could not be explained by transpiration rates. Particularly, higher TE despite similar transpiration 
rates was associated with greater photosynthetic capacity. This may have resulted from a more 
efficient conversion of CO2 into biomass in response to differences in biochemical pathways for 
photosynthesis among the genotypes. Since low conductance reduces transpiration more than CO2 
uptake, it increases TE. This more conservative use, saves water in the soil profile for growth at 
later developmental stages, which can improve grain yield. Based on these findings, we propose 
that genotypes that have high TE by reducing transpiration rates through low conductance will be 
suitable for growth in water-limited environments. In contrast, genotypes that have high TE through 
high photosynthetic capacity, may have a yield benefit through producing more biomass under well-
watered and high yielding environments only.  
 
5.3 Genotypic Variation in Transpiration Efficiency (TE) and 
Transpiration Rates in Responses to Drought Stress in 
Sorghum 
Following the results of Chapter 3, Chapter 4 focused on comparing expression of TE under 
drought relative to well-watered conditions and assessing whether differences in transpiration rates 
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occur in response to mild drought. The aim of this study was to determine whether (1) genotypic 
variation in TE under well-watered conditions was conserved under drought and (2) genotypes 
differed in transpiration rates under drought. Plants of up to six genotypes were grown under water-
limitations at varying levels of drought. The results indicated that drought did not significantly 
affect the ranking of genotypes for TE. Although drought did not significantly increase TE in our 
experiments, genotypic variation in the response of transpiration rates to drought stress existed, with 
some genotypes reducing their transpiration response to high VPD under drought. It was speculated 
that the reduced transpiration response was linked to supply-demand for water in plants, which may 
be under control of numerous mechanisms occurring in the leaves and roots, such as chemical 
signalling in shoots, accumulation of xylem ABA in roots, role of leaf ABA in maintaining leaf 
water status and variation within hydraulic conductivity in plants. Since this response is genotype-
specific adaptive response, screening for transpiration differences under well-watered conditions 
might not easily capture these genotypic differences exhibited under drought.  These results, 
therefore, justify further investigations and analysis to explain the transpiration responses exhibited 
by genotypes under drought to high VPD to identify the mechanisms that control water supply-
demand in sorghum.  
5.4 Conclusions 
Within this Master of Philosophy program, I studied the genotypic differences in TE in 
sorghum and the associated physiological mechanisms and environmental factor that control these 
differences in TE. Genotypic variation in TE could be explained predominantly by variation 
transpiration responses to high VPD and in photosynthetic capacity. Because some genotypes also 
showed an adaptive response of transpiration rates to mild drought stress, these responses might not 
be easily phenotyped under well-watered conditions only. Because genotypic differences in TE are 
determined by multiple physiological pathways, application of TE as a selection trait in breeding 
programs would ideally require a multi-disciplinary approach that integrates trait dissection for TE 
as described in this thesis with crop modelling and with detection of QTL through high throughput 
phenotyping of mapping populations. In such a setup, the function and effects of QTL identified by 
phenotyping can be determined by trait dissection. The physiological insights thus obtained can 
then be incorporated into a crop simulation model, which serves as a repository of knowledge and 
provides insights into the effects of these QTL on grain yield in the target population of growing 
environments to unravel genotype × environment × management interaction. This will provide 
insights to successfully target specific traits when developing new varieties through the breeding 
program to suit specific environment types.  
93 
 
  
94 
 
References 
 
Ayeneh A, van Ginkel M, Reynolds MP, Ammar K. 2002. Comparison of leaf, spike, peduncle 
and canopy temperature depression in wheat under heat stress. Field Crops Research 79, 173-184. 
Balota M, Payne WA, Rooney W, Rosenow D. 2008. Gas Exchange and Transpiration Ratio in 
Sorghum. Crop Science 48, 2361. 
Barbour MM, Warren CR, Farquhar GD, Forrester GUY, Brown H. 2010. Variability in 
mesophyll conductance between barley genotypes, and effects on transpiration efficiency and 
carbon isotope discrimination. Plant, Cell & Environment 33, 1176-1185. 
Belko N, Zaman-Allah M, Cisse N, Diop NN, Zombre G, Ehlers JD, Vadez V. 2012. Lower soil 
moisture threshold for transpiration decline under water deficit correlates with lower canopy 
conductance and higher transpiration efficiency in drought-tolerant cowpea. Functional Plant 
Biology 39, 306-322. 
Belko N, Zaman‐Allah M, Diop NN, Cisse N, Zombre G, Ehlers JD, Vadez V. 2013. Restriction 
of transpiration rate under high vapour pressure deficit and non‐limiting water conditions is 
important for terminal drought tolerance in cowpea. Plant Biology 15, 304-316. 
Bhatnagar-Mathur P, Devi MJ, Reddy DS, Lavanya M, Vadez V, Serraj R, Yamaguchi-
Shinozaki K, Sharma KK. 2007. Stress-inducible expression of At DREB1A in transgenic peanut 
(Arachis hypogaea L.) increases transpiration efficiency under water-limiting conditions. Plant Cell 
Reports 26, 2071-2082. 
Bierhuizen JF, Slatyer RO. 1965. Effect of atmospheric concentration of water vapour and CO2 in 
determining transpiration-photosynthesis relationships of cotton leaves. Agricultural Meteorology 
2, 259-270. 
Blum A. 1988. Plant breeding for stress environments / Abraham Blum. Boca Raton, Fla.: Boca 
Raton, Fla. : CRC Press. 
Blum A. 2009. Effective use of water (EUW) and not water-use efficiency (WUE) is the target of 
crop yield improvement under drought stress. Field Crops Research 112, 119-123. 
Blum A. 2011. Drought resistance: is it really a complex trait? Functional Plant Biology 38, 753-
757. 
Blum A, Mayer J, Gozlan G. 1982. Infrared thermal sensing of plant canopies as a screening 
technique for dehydration avoidance in wheat. Field Crops Research 5, 137-146. 
Borrell AK, Hammer GL. 2000. Nitrogen dynamics and the physiological basis of stay-green in 
Sorghum. Crop Science 40, 1295-1307. 
95 
 
Borrell AK, Hammer GL, Henzell RG. 2000. Does maintaining green leaf area in sorghum 
improve yield under drought? II. Dry matter production and yield. Crop Science 40, 1037-1048. 
Borrell AK, Jordan D, Mullet JE, Henzell B, Hamer G. 2006. Drought adaptation in sorghum. 
In: Jean-marcel R, ed. Drought adaptation in cereals. NY: The Haworth Press. 
Borrell AK, Mullet JE, George-Jaeggli B, van Oosterom EJ, Hammer GL, Klein PE, Jordan 
DR. 2014a. Drought adaptation of stay-green sorghum is associated with canopy development, leaf 
anatomy, root growth, and water uptake. Journal of Experimental Botany 65, 6251-6263. 
Borrell AK, van Oosterom EJ, Mullet JE, George-Jaeggli B, Jordan DR, Klein PE, Hammer 
GL. 2014b. Stay-green alleles individually enhance grain yield in sorghum under drought by 
modifying canopy development and water uptake patterns. New Phytologist 203, 817-830. 
Brodribb TJ, Holbrook NM. 2004. Diurnal depression of leaf hydraulic conductance in a tropical 
tree species. Plant, Cell & Environment 27, 820-827. 
Burke JJ, Payton P, Chen JP, Xin ZG, Burow G, Hayes C. 2015. Metabolic Responses of Two 
Contrasting Sorghums to Water-Deficit Stress. Crop Science 55, 344-353. 
Cechin I, de Fátima Fumis T. 2004. Effect of nitrogen supply on growth and photosynthesis of 
sunflower plants grown in the greenhouse. Plant Science 166, 1379-1385. 
Charles-Edwards D. 1982. Physiological determinants of crop growth: Academic Press London. 
Chaumont F, Moshelion M, Daniels MJ. 2005. Regulation of plant aquaporin activity. Biology of 
the cell / under the auspices of the European Cell Biology Organization 97, 749. 
Choudhary S, Sinclair T, Messina CD, Cooper M. 2014. Hydraulic Conductance of Maize 
Hybrids Differing in Transpiration Response to Vapor Pressure Deficit. Crop Science 54, 1147-
1152. 
Choudhary S, Sinclair TR. 2014. Hydraulic conductance differences among sorghum genotypes 
to explain variation in restricted transpiration rates. Functional Plant Biology 41, 270-275. 
Choudhary S, Sinclair TR, Prasad PVV. 2013. Hydraulic conductance of intact plants of two 
contrasting sorghum lines, SC15 and SC1205. Functional Plant Biology 40, 730-738. 
Christmann A, Hoffman T, Grill E. 2005. Generation of Active Pools of Abscisic Acid Revealed 
by in vivo Imaging of Water-Stressed Arabidopsis. Plant Physiology 137, 209-219. 
Condon AG, Farquhar GD, Richards RA. 1990. Genotypic variation in carbon isotope 
discrimination and transpiration efficiency in wheat - leaf gas-exchnage and whole plant studies. 
Australian Journal of Plant Physiology 17, 9-22. 
Condon AG, Richards RA, Rebetzke GJ, Farquhar GD. 2002. Improving intrinsic water-use 
efficiency and crop yield. Crop Science 42, 122-131. 
Condon AG, Richards RA, Rebetzke GJ, Farquhar GD. 2004. Breeding for high water-use 
efficiency. Journal of Experimental Botany 55, 2447-2460. 
96 
 
Connor DJ, Loomis RS, Cassman KG. 2011. Crop ecology: productivity and management in 
agricultural systems. Cambridge; New York: Cambridge University Press. 
Craufurd PQ, Flower DJ, Peacock JM. 1993. Effect of Heat and Drought Stress on Sorghum ( 
Sorghum Bicolor). I. Panicle Development and Leaf Appearance. Experimental Agriculture 29, 61-
76. 
Craufurd PQ, Peacock JM. 1993. Effect of Heat and Drought Stress on Sorghum ( Sorghum 
Bicolor). II. Grain Yield. Experimental Agriculture 29, 77-86. 
Craufurd PQ, Vadez V, Jagadish SVK, Prasad PVV, Zaman-Allah M. 2013. Crop science 
experiments designed to inform crop modeling. Agricultural and Forest Meteorology 170, 8-18. 
Davies WJ, Hartung W. 2004. Has extrapolation from biochemistry to crop functioning worked to 
sustain plant production under water scarcity? 4th International Crop Science Congress. Brisbane, 
Australia. 
Devi MJ, Bhatnagar-Mathur P, Sharma KK, Serraj R, Anwar SY, Vadez V. 2011. 
Relationships Between Transpiration Efficiency and Its Surrogate Traits in the rd29A:DREB1A 
Transgenic Lines of Groundnut. Journal of Agronomy and Crop Science 197, 272-283. 
Distelfeld A, Avni R, Fischer AM. 2014. Senescence, nutrient remobilization, and yield in wheat 
and barley. Journal of Experimental Botany 65, 3783-3798. 
Dodd I, Ngo C, Turnbull C, Beveridge C. 2004. Effects of nitrogen supply on xylem cytokinin 
delivery, transpiration and leaf expansion of pea genotypes differing in xylem-cytokinin 
concentration. Funct. Plant Biol. 31, 903-911. 
Dodd I, Stikic R, Davies W. 1996. Chemical regulation of gas exchange and growth of plants in 
drying soil in the field. J. Exp. Bot., Vol. 47, 1475-1490. 
Dodd IC, Egea G, Davies WJ. 2008. Abscisic acid signalling when soil moisture is heterogeneous: 
decreased photoperiod sap flow from drying roots limits abscisic acid export to the shoots. Plant, 
Cell & Environment 31, 1263-1274. 
Dodd IC, Theobald JC, Bacon MA, Davies WJ. 2006. Alternation of wet and dry sides during 
partial rootzone drying irrigation alters root-to-shoot signalling of abscisic acid. Functional Plant 
Biology 33, 1081-1089. 
Donatelli M, Hammer GL, Vanderlip RL. 1992. Genotype and water limitation effects on 
phenology, growth, and Transpiration Efficiency in grain-sorghum. Crop Science 32, 781-786. 
Dordas CA, Sioulas C. 2008. Safflower yield, chlorophyll content, photosynthesis, and water use 
efficiency response to nitrogen fertilization under rainfed conditions. Industrial Crops & Products 
27, 75-85. 
97 
 
Downton WJS, Loveys BR, Grant WJR. 1988. Non-uniform stomatal closure induced by water 
stress causes putative non-stomatal inhibition of photosynthesis. Non-uniform stomatal closure 
induced by water stress causes putative non-stomatal inhibition of photosynthesis. 110, 503-509. 
Duursma RA, Payton P, Bange MP, Broughton KJ, Smith RA, Medlyn BE, Tissue DT. 2013. 
Near-optimal response of instantaneous transpiration efficiency to vapour pressure deficit, 
temperature and [CO2] in cotton (Gossypium hirsutum L.). Agricultural and Forest Meteorology 
168, 168-176. 
Enyi BAC. 1973. Effects of Intercropping Maize or Sorghum with Cowpeas, Pigeon Peas or Beans. 
Ex. Agric. 9, 83-90. 
Evans JR. 1989. Photosynthesis and Nitrogen Relationships in Leaves of C₃ Plants. Oecologia 78, 
9-19. 
FAO FaAO. 2009. How to Feed the World in 2050. 
Farooq M, Wahid A, Kobayashi  N, Fujita D, Basra SMA. 2009. Plant drought stress: effects, 
mechanisms and management. Agronomy for Sustainable Development 29, 185-212. 
Farquhar GD, O'Leary MH, Berry JA. 1982. On the relationship between carbon isotope 
discrimination and the intercellular carbon dioxide concentration in leaves. Functional Plant 
Biology 9, 121-137. 
Farquhar GD, Richards RA. 1984. Isotopic composition of plant carbon correlates with water-use 
efficiency of wheat genotypes. Australian Journal of Plant Physiology 11, 539-552. 
Farquhar GD, Sharkey TD. 1982. Stomatal conductance and photosynthesis. Annual Review of 
Plant Physiology 33, 318-340. 
Flexas J, Barbour MM, Brendel O, Cabrera HM, Carriquí M, Díaz-Espejo A, Douthe C, 
Dreyer E, Ferrio JP, Gago J, Gallé A, Galmés J, Kodama N, Medrano H, Niinemets Ü, 
Peguero-Pina JJ, Pou A, Ribas-Carbó M, Tomás M, Tosens T, Warren CR. 2012. Mesophyll 
diffusion conductance to CO2: An unappreciated central player in photosynthesis. Plant Science 
193–194, 70-84. 
Flexas J, Ribas‐carbó M, Hanson DT, Bota J, Otto B, Cifre J, McDowell N, Medrano H, 
Kaldenhoff R. 2006. Tobacco aquaporin NtAQP1 is involved in mesophyll conductance to CO 2 
in vivo. Plant Journal 48, 427-439. 
Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, Johnston M, Mueller ND, 
O/'Connell C, Ray DK, West PC, Balzer C, Bennett EM, Carpenter SR, Hill J, Monfreda C, 
Polasky S, Rockstrom J, Sheehan J, Siebert S, Tilman D, Zaks DPM. 2011. Solutions for a 
cultivated planet. Nature 478, 337-342. 
98 
 
Foulkes MJ, Slafer GA, Davies WJ, Berry PM, Sylvester-Bradley R, Martre P, Calderini DF, 
Griffiths S, Reynolds MP. 2011. Raising yield potential of wheat. III. Optimizing partitioning to 
grain while maintaining lodging resistance. Journal of Experimental Botany 62, 469-486. 
Garrity DP, Watts DG, Sullivan CY, Gilley JR. 1982. Moisture Deficits and Grain Sorghum 
Performance: Evapotranspiration-Yield Relationships. Agronomy Journal 74, 815. 
George-Jaeggli B, Jordan DR, van Oosterom EJ, Broad IJ, Hammer GL. 2013. Sorghum 
dwarfing genes can affect radiation capture and radiation use efficiency. Field Crops Research 149, 
283-290. 
George-Jaeggli B, Mortlock MY, Borrell AK. 2017. Bigger is not always better: reducing leaf 
area helps stay-green sorghum use soil water more slowly. Environmental and Experimental 
Botany. 
Gholipoor M, Choudhary S, Sinclair TR, Messina CD, Cooper M. 2013. Transpiration 
Response of Maize Hybrids to Atmospheric Vapour Pressure Deficit. Journal of Agronomy and 
Crop Science 199, 155-160. 
Gholipoor M, Prasad PVV, Mutava RN, Sinclair TR. 2010. Genetic variability of transpiration 
response to vapor pressure deficit among sorghum genotypes. Field Crops Research 119, 85-90. 
Gholipoor M, Sinclair TR, Prasad PVV. 2012. Genotypic variation within sorghum for 
transpiration response to drying soil. Plant and Soil 357, 35-40. 
Grant OM, Chaves MM, Jones HG. 2006. Optimizing thermal imaging as a technique for 
detecting stomatal closure induced by drought stress under greenhouse conditions. Physiologia 
plantarum 127, 507-518. 
Hammer G. 2006. Pathways to prosperity:breakng the yield barrier in sorghum. Australian 
Sorghum Conference. Gold Coast, 1-13. 
Hammer G, Farquhar G, Broad I. 1997. On the extent of genetic variation for transpiration 
efficiency in Sorghum. Australian Journal of Agriculture Research 48, 649-655. 
Hammer G, Messina CD, van Oosterom E, Chapman SC, Singh V, Borrell AK, Jordan D, 
Cooper M. 2016. Molecular Breeding for Complex Adaptive Traits: How Integrating Crop 
Ecophysiology and Modelling Can Enhance Efficiency. In: X. Yin PCS, ed. Crop Systems Biology. 
Switzerland: Springer International Publishing. 
Hammer G, Van Oosterom E, Chapman SC, McLean G. 2001. The economic theory of water 
and nitrogen dynamics and management in field crops. In: Borrell AK, Henzell RG, eds. Fourth 
Australian Sorghum conference. Kooralbyn, QLD: Range Media Pty Ltd. 
Hammer G, Van Oosterom E, McLean G, Chapman S, Broad I, Harland P, Muchow R. 2010. 
Adapting APSIM to model the physiology and genetics of complex adaptive traits in field crops. 
Journal of Experimental Botany 61, 2185-2202. 
99 
 
Hammer GL, Muchow RC. 1991. Quantifying climatic risk to sorghum in Australia's semiarid 
tropics and subtropics: model development and simulation. International Symposium on Climatic 
Risk in Crop Production: Models and Management for the Semiarid Tropics and Subtropics. 
Brisbane Australia: C A B International. 
Heinen RB, Ye Q, Chaumont F. 2009. Role of aquaporins in leaf physiology. Journal of 
Experimental Botany 60, 2971-2985. 
Holbrook NM, Shashidhar VR, James RA, Munns R. 2002. Stomatal control in tomato with 
ABA-deficient roots: response of grafted plants to soil drying. Journal of Experimental Botany 53, 
1503-1514. 
Hose E, Steudle E, Hartung W. 2000. Abscisic acid and hydraulic conductivity of maize roots: a 
study using cell- and root-pressure probes. Planta 211, 874-882. 
Hubick KT, Hammer GL, Farquhar GD, Wade LJ, von Caemmerer S, Henderson SA. 1990. 
Carbon Isotope Discrimination Varies Genetically in C(4) Species. Plant Physiology 92, 534-537. 
Idso SB, Jackson RD, Ehrler WL, Mitchell ST. 1969. A Method for Determination of Infrared 
Emittance of Leaves. Ecology 50, 899-902. 
Impa SM, Nadaradjan S, Boominathan P, Shashidhar G, Bindumadhava H, Sheshshayee MS. 
2005. Carbon isotope discrimination accurately reflects variability in WUE measured at a whole 
plant level in rice. Crop Science 45, 2517-2522. 
IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. In: RKPaLAMe 
CWT, ed. Geneva, Switzerland, 151. 
Ismail AM, Hall AE, Bray EA. 1994. Drought and pot size effects on transpiration efficicency and 
carbon isotope discrimination of cowpea accessions and hybrids. Drought and pot size effects on 
transpiration efficicency and carbon isotope discrimination of cowpea accessions and hybrids 21, 
23-35. 
Jackson P, Basnayake J, Inman-Bamber G, Lakshmanan P, Natarajan S, Stokes C. 2016. 
Genetic variation in transpiration efficiency and relationships between whole plant and leaf gas 
exchange measurements in Saccharum spp. and related germplasm. Journal of Experimental Botany 
67, 861-871. 
Jahan E, Amthor JS, Farquhar GD, Trethowan R, Barbour MM. 2014. Variation in mesophyll 
conductance among Australian wheat genotypes. Functional Plant Biology 41, 568-580. 
Jones H, Serraj R, Loveys BR, Xiong L, Wheaton A, Price AH. 2009. Thermal infrared imaging 
of crop canopies for the remote diagnosis and quantification of plant responses to water stress in the 
field. Functional Plant Biology 36, 978-989. 
100 
 
Jyostna Devi M, Sinclair TR, Vadez V. 2010. Genotypic variation in peanut for transpiration 
response to vapor pressure deficit. Crop Science 50, 191-196. 
Jyostna Devi M, Sinclair TR, Vadez V, Krishnamurthy L. 2009. Peanut genotypic variation in 
transpiration efficiency and decreased transpiration during progressive soil drying. Field Crops 
Research 114, 280-285. 
Karki S, Rizal G, Quick WP. 2013. Improvement of photosynthesis in rice (Oryza sativa L.) by 
inserting the C4 pathway. Rice 6, 28. 
Keenan T, Sabate S, Gracia C. 2010. Soil water stress and coupled photosynthesis–conductance 
models: Bridging the gap between conflicting reports on the relative roles of stomatal, mesophyll 
conductance and biochemical limitations to photosynthesis. Agricultural and Forest Meteorology 
150, 443-453. 
Kemanian AR, Stöckle CO, Huggins DR. 2005. Transpiration-use efficiency of barley. 
Agricultural and Forest Meteorology 130, 1-11. 
Kholová J, Hash CT, Kakkera A, Ko ová M, Vadez V. 2010a. Constitutive water-conserving 
mechanisms are correlated with the terminal drought tolerance of pearl millet [Pennisetum glaucum 
(L.) R. Br.]. Journal of Experimental Botany 61, 369-377. 
Kholová J, Hash CT, Kumar PL, Yadav RS, Koová M, Vadez V. 2010b. Terminal drought-
tolerant pearl millet [Pennisetum glaucum (L.) R. Br.] have high leaf ABA and limit transpiration at 
high vapour pressure deficit. Journal of Experimental Botany 61, 1431-1440. 
Kholova J, Vadez V. 2012. Water extraction under terminal drought explains the genotypic 
differences in yield, not the anti-oxidant changes in leaves of pearl millet (). Functional Plant 
Biology 40, 44-53. 
Kidambi SP, Krieg DR, Rosenow DT. 1990. Genetic variation for gas exchange rates in grain 
sorghum. Genetic variation for gas exchange rates in grain sorghum 92, 1211-1214. 
Krieg DR, Hutmacher RB. 1986. Photosynthetic Rate Control in Sorghum: Stomatal and 
Nonstomatal Factors. Crop Science 26, 112. 
Krishnamurthy L, Vadez V, Devi MJ, Serraj R, Nigam SN, Sheshshayee MS, Chandra S, 
Aruna R. 2007. Variation in transpiration efficiency and its related traits in a groundnut (Arachis 
hypogaea L.) mapping population. Field Crops Research 103, 189-197. 
Kulathunga L. 2013. Role of transpiration efficiency and dry matter partitioning in drought 
adaptation of 2dwarf and 3dwarf sorghum., The University of Queensland, Qld, Australia. 
Lambers H, Chapin FS, Pons TL. 2008. Plant physiological ecology. New York: Springer. 
Lambrides CJ, Chapman SC, Shorter R. 2004. Genetic Variation for Carbon Isotope 
Discrimination in Sunflower. Crop Science 44, 1642-1653. 
101 
 
Lindquist JL, Arkebauer TJ, Walters DT, Cassman KG, Dobermann A. 2005. Maize radiation 
use efficiency under optimal growth conditions. Maize radiation use efficiency under optimal 
growth conditions 97, 72-78. 
Liu F, Stutzel H. 2002. Leaf Expansion, Stomatal Conductance, and Transpiration of Vegetable 
Amaranth (Amaranthus sp.) in Response to Soil Drying. Journal of the American Society for 
Horticultural Science 127, 878-883. 
Lobell DB, Field CB. 2007. Global scale climate–crop yield relationships and the impacts of recent 
warming. Environmental Research Letters 2, 014002. 
Lodish H. 2013. Molecular cell biology. New York: W.H. Freeman and Co. 
Ludlow MM, Muchow RC. 1990. A critical evaluation of traits for improving crop yields in 
water-limited environments. A critical evaluation of traits for improving crop yields in water-
limited environments, 107-153. 
Madeleine MJ, Turner NC. 1978. Osmotic Adjustment in Leaves of Sorghum in Response to 
Water Deficits. Plant Physiology 61, 122-126. 
Makino A. 2011. Photosynthesis, Grain Yield, and Nitrogen Utilization in Rice and Wheat. Plant 
Physiology 155, 125-129. 
Manschadi AM, Christopher J, deVoil P, Hammer GL. 2006. The role of root architectural traits 
in adaptation of wheat to water-limited environments. Functional Plant Biology 33, 823-837. 
Marris E. 2008. Water: more crop per drop. Nature 452, 273. 
Marshall JD, Brooks JR, Lajtha K. 2008. Sources of Variation in the Stable Isotopic 
Composition of Plants. Stable Isotopes in Ecology and Environmental Science: Blackwell 
Publishing Ltd, 22-60. 
Medina V, Gilbert ME. 2015. Physiological trade-offs of stomatal closure under high evaporative 
gradients in field grown soybean. Functional Plant Biology 43, 40-51. 
Messina CD, Curan D, Thompson J, Oler Z, Cooper M, Sinclair TR, Hammer GL, Gho C. 
2015. Limited-transpiration trait may increase maize drought tolerance in the US corn belt. 
Agronomy Journal 107, 1978-1986. 
Monneveux P, Ribaut J. 2006a. Secondary traits  for drought tolerance improvement in cereals. In: 
Ribaut J-M, ed. Drought adaptation in cereals. New York. 
Monneveux P, Ribaut J. 2006b. Secondary traits for drought tolerance improvement in cereals. In: 
Ribaut J, ed. Drought adaptation in cereals. New York: Food Products Press. 
Monteith JL. 1988. Does transpiration limit the growth of vegetation or vice versa? Journal of 
Hydrology 100, 57-68. 
Mortlock MY, Hammer GL. 1999. Genotype and Water Limitation Effects on Transpiration 
Efficiency in Sorghum. Journal of Crop Production 2, 265-286. 
102 
 
Moshelion M, Halperin O, Wallach R, Oren R, Way DA. 2015. Role of aquaporins in 
determining transpiration and photosynthesis in water‐stressed plants: crop water‐use efficiency, 
growth and yield. Vol. 38, 1785-1793. 
Muchow RC, Carberry PS. 1990. Phenology and leaf-area development in a tropical grain 
sorghum. Field Crops Research 23, 221-237. 
Muchow RC, Sinclair TR. 1989. Epidermal conductance, stomatal density and stomatal size 
among genotypes of Sorghum bicolor (L.) Moench. Plant, Cell & Environment 12, 425-431. 
Muchow RC, Sinclair TR. 1994. Nitrogen response of leaf photosynthesis and canopy radiation 
use efficiency in field-grown maize and sorghum. Crop Science 34, 721-727. 
Niinemets Ü, Díaz-Espejo A, Flexas J, Galmés J, Warren CR. 2009. Importance of mesophyll 
diffusion conductance in estimation of plant photosynthesis in the field. Journal of Experimental 
Botany 60, 2271-2282. 
Ocheltree TW, Nippert JB, Prasad PV. 2014. Stomatal responses to changes in vapor pressure 
deficit reflect tissue-specific differences in hydraulic conductance. Plant Cell Environ 37, 132-139. 
Parent B, Hachez C, Redondo E, Simonneau T, Chaumont F, Tardieu F. 2009. Drought and 
Abscisic Acid Effects on Aquaporin Content Translate into Changes in Hydraulic Conductivity and 
Leaf Growth Rate: A Trans-Scale Approach. Plant Physiology 149, 2000-2012. 
Parry MAJ, Reynolds M, Salvucci ME, Raines C, Andralojc PJ, Zhu X-G, Price GD, Condon 
AG, Furbank RT. 2011. Raising yield potential of wheat. II. Increasing photosynthetic capacity 
and efficiency. Journal of Experimental Botany 62, 453-467. 
Passioura J. 1972. The effect of root geometry on the yield of wheat growing on stored water. 
Australian Journal of Agricultural Research 23, 745-752. 
Passioura J. 1977. Grain yield, harvest index and water use of wheat. Journal of the Australian 
Institute of Agricultural Science 43, 117-120. 
Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood J, Gundlach H, Haberer G, 
Hellsten U, Mitros T, Poliakov A, Schmutz J, Spannagl M, Tang H, Wang X, Wicker T, 
Bharti AK, Chapman J, Feltus FA, Gowik U, Grigoriev IV, Lyons E, Maher CA, Martis M, 
Narechania A, Otillar RP, Penning BW, Salamov AA, Wang Y, Zhang L, Carpita NC, 
Freeling M, Gingle AR, Hash CT, Keller B, Klein P, Kresovich S, McCann MC, Ming R, 
Peterson DG, Mehboob ur R, Ware D, Westhoff P, Mayer KFX, Messing J, Rokhsar DS. 
2009. The Sorghum bicolor genome and the diversification of grasses. Nature 457, 551-556. 
Pavli OI, Vlachos CE, Kalloniati C, Flemetakis E, Skaracis GN. 2013. Metabolite profiling 
reveals the effect of drought on sorghum ('Sorghum bicolor' L. Moench) metabolism. Plant Omics 
6, 371-376, i-vii. 
103 
 
Pellegrino A, Lebon E, Voltz M, Wery J. 2004. Relationships between plant and soil water status 
in vine (Vitis vinifera L.). Plant and Soil 266, 129-142. 
Peng SB, Krieg DR. 1992. Gas-exchange traits and their relationship to water-use efficiency of 
grain-sorghum. Crop Science 32, 386-391. 
Philp T, Peake A, McLean G. 2010. Improving Profitability of Irrigated Sorghum through Partial 
Irrigation of Larger Areas. 1st Australian Summer Grains Conference. Gold Coast, Australia: Grain 
Research Development Coorporation (GRDC). 
Pilbeam CJ, Simmonds LP, Kavilu AW. 1995. Transpiration efficiencies of maize and beans in 
semi-arid Kenya. Field Crops Research 41, 179-188. 
Plucknett D. 1995. Prospects of meeting future food needs through new technology. In: Nurul I, 
ed. Population and food in the early twenty-first century:meeting future food demands of an 
increasing population. Washington .D.C: International Food Policy Research Institute, 207-219. 
Prasad PVV, Pisipati SR, Mutava RN, Tuinstra MR. 2008. Sensitivity of grain sorghum to high 
temperature stress during reproductive development.(RESEARCH)(Author abstract)(Report). Crop 
Science 48, 1911. 
R Core Team. 2016. R: A language and environment for statistical computing Vienna, Austria: R 
Foundation for Statistical Computing. 
Rang ZW, Jagadish SVK, Zhou QM, Craufurd PQ, Heuer S. 2011. Effect of high temperature 
and water stress on pollen germination and spikelet fertility in rice. Environmental and 
Experimental Botany 70, 58-65. 
Raven PH, Evert RF, Eichhorn SE. 1992. Biology of plants / Peter H. Raven, Ray F. Evert, Susan 
E. Eichhorn. New York: New York : Worth. 
Richards RA. 2000. Selectable traits to increase crop photosynthesis and yield of grain crops. 
Journal of Experimental Botany 51, 447-458. 
Richards RA. 2006. Physiological traits used in the breeding of new cultivars for water-scarce 
environments. Agricultural Water Management 80, 197-211. 
Richards RA, Hunt JR, Kirkegaard JA, Passioura JB. 2014. Yield improvement and adaptation 
of wheat to water-limited environments in Australia-a case study. CROP & PASTURE SCIENCE 
65, 676-689. 
Rodriguez D, Sadras VO, Christensen LK, Belford R. 2005. Spatial assessment of the 
physiological status of wheat crops as affected by water and nitrogen supply using infrared thermal 
imagery. Australian Journal of Agricultural Research 56, 983-993. 
Rosenberg NJ, Blad BL, Verma SB. 1983. Microclimate : the biological environment / Norman J. 
Rosenberg, Blaine L. Blad, Shashi B. Verma. New York: New York : Wiley. 
104 
 
Rosenthal WD, Arkin GF, Shouse PJ, Jordan WR. 1987. Water Deficit Effects on Transpiration 
and Leaf Growth. Agronomy Journal 79, 1019. 
Ryan AC, Dodd IC, Rothwell SA, Jones R, Tardieu F, Draye X, Davies WJ. 2016a. Gravimetric 
phenotyping of whole plant transpiration responses to atmospheric vapour pressure deficit identifies 
genotypic variation in water use efficiency. Plant Science 251, 101-109. 
Ryan AC, Dodd IC, Rothwell SA, Jones R, Tardieu F, Draye X, Davies WJ. 2016b. 
Gravimetric phenotyping of whole plant transpiration responses to atmospheric vapour pressure 
deficit identifies genotypiucvariation in water use efficiency. Plant Science. 
Sadok W, Sinclair TR. 2009. Genetic Variability of Transpiration Response to Vapor Pressure 
Deficit among Soybean Cultivars. Crop Science 49, 955-960. 
Sadras V, McDonald G. 2012. Water use efficiency of grain crops in Australia: principles, 
benchmarks and management. Adelaide, S.A: Grains, Research Development, Corporation. South 
Australian Research & Development Institute. 
SAS. 2013. Base SAS® 9.4 Procedures Guide: Statistical Procedures. Cary, NC: SAS Institute Inc. 
Schoppach R, eacute, my, Wauthelet D, Jeanguenin L, Sadok W. 2013. Conservative water use 
under high evaporative demand associated with smaller root metaxylem and limited trans-
membrane water transport in wheat. Functional Plant Biology 41, 257-269. 
Schwabe K, Albiac-Murillo J, Connor J, Hassan R, Meza Gonzalez L. 2013. In: Schwabe K, 
Albiac-Murillo J, Connor J, Hassan R, Meza Gonzalez L, eds. Drought in Arid and Semi-Arid 
Regions A Multi-Disciplinary and Cross-Country Perspective. Springer Netherlands. 
Sheshshayee, Bindumadhava, Rachaputi, Prasad, Udayakumar, Wright, Nigam. 2006. Leaf 
chlorophyll concentration relates to transpiration efficiency in peanut. Annals of Applied Biology 
148, 7-15. 
Shimshi D. 1970. The effect of Nitrogen supply on transpiration and stomatal bahviour of beans ( 
PHASEOLUS VULGARIS L.). New Phytologist 69, 405-412. 
Sinclair T, Ludlow M. 1986a. Influence of Soil Water Supply on the Plant Water Balance of Four 
Tropical Grain Legumes. Functional Plant Biology 13, 329-341. 
Sinclair T, Muchow R. 1999a. Radiation Use Efficiency. Vol. 65: Elsevier Science & Technology, 
215-265. 
Sinclair TR. 2012. Is transpiration efficiency a viable plant trait in breeding for crop improvement? 
Functional Plant Biology 39, 359. 
Sinclair TR, Devi JM, Carter TE. 2016. Limited-Transpiration Trait for Increased Yield for 
Water-Limited Soybean: From Model to Phenotype to Genotype to Cultivars. In: Yin X, Struik CP, 
eds. Crop Systems Biology: Narrowing the gaps between crop modelling and genetics. Cham: 
Springer International Publishing, 129-146. 
105 
 
Sinclair TR, Hammer GL, van Oosterom EJ. 2005. Potential yield and water-use efficiency 
benefits in sorghum from limited maximum transpiration rate. Functional Plant Biology 32, 945. 
Sinclair TR, Horie T. 1989. Leaf Nitrogen, photosynthesis and crop radiation use efficiency - a 
review. Crop Science 29, 90-98. 
Sinclair TR, Ludlow MM. 1986b. Influence of soil water supply on the plant water balance of four 
tropical grain legumes. Australian Journal of Plant Physiology 13, 329-341. 
Sinclair TR, Muchow RC. 1999b. Radiation Use Efficiency. Advances in Agronomy 65, 215-265. 
Sinclair TR, Tanner CB, Bennett JM. 1984. Water-Use Efficiency in Crop Production. 
Bioscience 34, 36-40. 
Sinclair TR, Zwieniecki MA, Holbrook NM. 2008. Low leaf hydraulic conductance associated 
with drought tolerance in soybean. Physiologia plantarum 132, 446-451. 
Skuras D, Psaltopoulos D. 2012. A broad overview of the main problems derived from climate 
change that will affect agricultural production in the Mediterranean area. In: Alexandre Meybeck, 
Jussi Lankoski, Suzanne Redfern, Azzu N, Gitz V, eds. BUILDING RESILIENCE FOR 
ADAPTATION TO CLIMATE CHANGE IN THE AGRICULTURE SECTOR. Rome: FOOD AND 
AGRICULTURE ORGANIZATION OF THE UNITED NATIONS ORGANISATION FOR 
ECONOMIC CO-OPERATION AND DEVELOPMENT. 
Steudle E. 2000a. Water uptake by plant roots: an integration of views. Plant and Soil 226, 45-56. 
Steudle E. 2000b. Water uptake by roots: effects of water deficit. Journal of Experimental Botany 
51, 1531-1542. 
Steudle E, Peterson CA. 1998. How does water get through roots? Journal of Experimental Botany 
49, 775-788. 
Stöckle CO, Kemanian AR. 2009. Chapter 7 - Crop Radiation Capture and Use Efficiency: A 
Framework for Crop Growth Analysis. Crop Physiology. San Diego: Academic Press, 145-170. 
Taiz L, Zeiger E. 1998. Plant Physiology. U.S.A.: Sinauer Associates,  Inc. 
Tardieu F, Davies WJ. 1993. Integration of hydraulic and chemical signalling in the control of 
stomatal conductance and water status of droughted plants. Plant, Cell & Environment 16, 341-349. 
Tardieu F, Zhang J, Davies WJ. 1992. What information is conveyed by an ABA signal from 
maize roots in drying field soil? Plant, Cell & Environment 15, 185-191. 
Thompson AJ, Andrews J, Mulholland BJ, McKee JMT, Hilton HW, Horridge JS, Farquhar 
GD, Smeeton RC, Smillie IRA, Black CR, Taylor IB. 2007. Overproduction of Abscisic Acid in 
Tomato Increases Transpiration Efficiency and Root Hydraulic Conductivity and Influences Leaf 
Expansion. Plant Physiology 143, 1905-1917. 
Tollenaar M. 1991. Physiological-basis of genetic improvement of maize hybrids in Ontario from 
1959 to 1988. Crop Science 31, 119-124. 
106 
 
Tombesi S, Nardini A, Frioni T, Soccolini M, Zadra C, Farinelli D, Poni S, Palliotti A. 2015. 
Stomatal closure is induced by hydraulic signals and maintained by ABA in drought-stressed 
grapevine. Scientific Reports 5, 12449. 
Tuberosa R. 2012. Phenotyping for drought tolerance of crops in the genomics era. Frontiers in 
Physiology 3, 347. 
Turner NC. 2004. Agronomic options for improving rainfall-use efficiency of crops in dryland 
farming systems. Vol. 55, 2413-2425. 
UNWWDR4. 2012. Managing water under uncertainity and risk. Vol. 1. Paris, France: United 
Nations Educational, Scientific and Cultural Organization. 
Vadez V. 2014. Root hydraulics: The forgotten side of roots in drought adaptation. Field Crops 
Research. 
Vadez V. 2016. Transpiration response in Pearl millet. 
Vadez V, Kholová J, Hummel G, Zhokhavets U, Gupta SK, Hash CT. 2015. LeasyScan: a 
novel concept combining 3D imaging and lysimetry for high-throughput phenotyping of traits 
controlling plant water budget. Journal of Experimental Botany 66, 5581-5593. 
Vadez V, Kholova J, Medina S, Kakkera A, Anderberg H. 2014. Transpiration efficiency: new 
insights into an old story. Journal of Experimental Botany 65, 6141-6153. 
Vadez V, Kholová J, Yadav R, Hash C. 2013a. Small temporal differences in water uptake among 
varieties of pearl millet ( Pennisetum glaucum (L.) R. Br.) are critical for grain yield under terminal 
drought. An International Journal on Plant-Soil Relationships 371, 447-462. 
Vadez V, Kholová J, Yadav RS, Hash CT. 2013b. Small temporal differences in water uptake 
among varieties of pearl millet (Pennisetum glaucum (L.) R. Br.) are critical for grain yield under 
terminal drought. Plant and Soil 371, 447-462. 
Vadez V, Krishnamurthy L, Hash CT, Upadhyaya HD, Borrell AK. 2011. Yield, transpiration 
efficiency, and water-use variations and their interrelationships in the sorghum reference collection. 
Crop and Pasture Science 62, 645-655. 
Vadez V, Ratnakumar P. 2016. High transpiration efficiency increases pod yield under 
intermittent drought in dry and hot atmospheric conditions but less so under wetter and cooler 
conditions in groundnut (Arachis hypogaea (L.)). Field Crops Research 193, 16-23. 
van Oosterom EJ, Borrell AK, Chapman SC, Broad IJ, Hammer GL. 2010a. Functional 
dynamics of the nitrogen balance of sorghum: I. N demand of vegetative plant parts. Field Crops 
Research 115, 19-28. 
van Oosterom EJ, Borrell AK, Deifel KS, Hammer GL. 2011. Does increased leaf appearance 
rate enhance adaptation to postanthesis drought stress in sorghum? Crop Science 51, 2728-2740. 
107 
 
van Oosterom EJ, Chapman SC, Borrell AK, Broad IJ, Hammer GL. 2010b. Functional 
dynamics of the nitrogen balance of sorghum. II. Grain filling period. Field Crops Research 115, 
29-38. 
van Oosterom EJ, Hammer GL. 2008. Determination of grain number in sorghum. Field Crops 
Research 108, 259-268. 
Virgona J, Farquhar D. 1996. Genotypic Variation in Relative Growth Rate and Carbon Isotope 
Discrimination in Sunflower Is Related to Photosynthetic Capacity. Functional Plant Biology 23, 
227-236. 
von Caemmerer S, & Furbank, R.T. 1999. Modeling C4 photosyntheis. In: Sage RF, & R.K. 
Monson, ed. C4 Plant Biology. San Deigo: Academic Press, 173-211. 
von Caemmerer S, Furbank RT. 2016. Strategies for improving C4 photosynthesis. Curr Opin 
Plant Biol 31, 125-134. 
Wery J, Silim SN, Knights EJ, Malhotra RS, Cousin R. 1994. Screening techniques and sources 
of tolerance to extremes of moisture and air temperature in cool season food legumes. Euphytica 73, 
73-83. 
Wittenbach VA, Ackerson RC, Giaquinta RT, Hebert RR. 1980. Changes in photosynthesis, 
ribulose bisphosphate carboxylase, proteolytic activity, and ultrastructure of soybean leaves during 
senescence. Changes in photosynthesis, ribulose bisphosphate carboxylase, proteolytic activity, and 
ultrastructure of soybean leaves during senescence. 20, 225-231. 
Wopereis MCS, Kropff MJ, Maligaya AR, Tuong TP. 1996. Drought-stress responses of two 
lowland rice cultivars to soil water status. Field Crops Research 46, 21-39. 
Wright GC, Nageswara Rao RC, Farquhar GD. 1994. Water-use efficiency and carbon isotope 
discrimination in peanut under water deficit conditions. Water-use efficiency and carbon isotope 
discrimination in peanut under water deficit conditions 34, 92-97. 
Wu A, Song Y, van Oosterom EJ, Hammer GL. 2016. Connecting Biochemical Photosynthesis 
Models with Crop Models to Support Crop Improvement. Frontiers in Plant Science 7. 
Xin Z, Aiken R, Burke J. 2009. Genetic diversity of transpiration efficiency in sorghum. Field 
Crops Research 111, 74-80. 
Xin Z, Franks C, Payton P, Burke JJ. 2008. A simple method to determine transpiration 
efficiency in sorghum. Field Crops Research 107, 180-183. 
Xu Z, Zhou G. 2008. Responses of leaf stomatal density to water status and its relationship with 
photosynthesis in a grass. Journal of Experimental Botany 59, 3317-3325. 
Yang Z, Hammer G, Van Oosterom E, Rochas D, Deifel K. 2010. Effects of pot size on growth 
of maize and sorghum plants. In: B G-J, DJ J, eds. 1st Australian Summer Grains Conference. Gold 
Coast: Grains Research and Developemnt Corporation. 
108 
 
Yang Z, Sinclair TR, Zhu M, Messina CD, Cooper M, Hammer GL. 2012. Temperature effect 
on transpiration response of maize plants to vapour pressure deficit. Environmental and 
Experimental Botany 78, 157-162. 
Zhao D, Reddy KR, Kakani VG, Reddy VR. 2005. Nitrogen deficiency effects on plant growth, 
leaf photosynthesis, and hyperspectral reflectance properties of sorghum. European Journal of 
Agronomy 22, 391-403. 
Zimmermann U, Bitter R, Marchiori PER, Rüger S, Ehrenberger W, Sukhorukov VL, 
Schüttler A, Ribeiro RV. 2013. A non-invasive plant-based probe for continuous monitoring of 
water stress in real time: a new tool for irrigation scheduling and deeper insight into drought and 
salinity stress physiology. Theoretical and Experimental Plant Physiology 25, 2-11. 
 
